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                                SUMMARY 
It has long been recognized that negative skin friction (NSF) which is 
detrimental to piled foundations can be induced to piles installed through 
consolidating soils. In the present study, centrifuge model tests have been conducted 
to investigate the combined effects of NSF, dead load as well as transient live load 
on an “end-bearing” pile, a “floating” pile and a “socketed” pile, denoting the three 
most common pile load bearing situations in the field. An elaborate test control 
scheme has been developed to seamlessly incorporate 7 sequential test stages into 
each model test to induce NSF on the instrumented pile through 3 typical means, 
namely re-consolidation of remolded clay after pile installation, ground water 
drawdown as well as surcharge loading. As the entire test process can be conducted 
without stopping the centrifuge, the pile behavior can be scrutinized in a 
comprehensive and rational manner. Besides critically evaluating the understanding 
of NSF established in previous studies, new findings arising from the present model 
tests provide new insights on the mechanism of NSF on single piles. 
The centrifuge model study was subsequently extended to pile groups comprising 
3, 5, 9 and 16 piles connected by a rigid pile cap. The model pile shafts were 
instrumented with highly sensitive semi-conductor strain gauges in full-bridge 
configuration. As a result, the subtle difference in the induced dragload among piles 
in a group as well as the group effects of NSF can be qualitatively explored in a 
consistent and rigorous manner. These test data are invaluable in view of the dearth 
of such data in the literature and are readily utilized to evaluate the appropriateness 
 ix
of some commonly used empirical and analytical formulas for the calculation of 
dragload for pile groups. 
Numerical analyses on single piles and pile groups subjected to NSF using both 
axisymmetric and 3D Finite Element Method (FEM) have also been conducted. It is 
established that the incorporation of interface elements at the pile-soil interface with 
appropriate properties pertaining to constitutive models adopted for soils around the 
pile shaft is crucial in order to capture the NSF induced on piles correctly. The partial 
mobilization of NSF around the neutral point (NP) can be clearly visualized by the 
observation of yielding zones along the pile-soil interface elements. The numerical 
exploration of the reduced effective stress regime within pile groups supplements the 
physical model tests in revealing the fundamental mechanism of NSF group effects. 
The axisymmetric and 3D numerical tools, carefully calibrated using centrifuge data, 
were subsequently applied to the further in-depth investigation of some important 
issues revealed by the present centrifuge model tests. These include the degree of 
mobilization of NSF, the effect of transient live loads on the lock-in dragload at the 
neutral point, the appropriate geotechnical consideration for socketed piles based on 
allowable settlement; the adverse implication of the unbalanced stresses inside and 
outside a pile group due to NSF; the moderation effect of a rigid pile cap as well as 
the variation of NSF group reduction factors with the pile-soil conditions. 
 
Keywords:  Negative skin friction; Dragload; Downdrag settlement; Single Pile; Pile 
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Piles are typically employed as the foundation to carry the massive dead weight 
and live loads of the superstructure by transferring the loads through compressible soil 
strata to the stiffer, less compressible soil and/or rock. A pile would move downwards 
upon loading and part of the load is resisted by the friction mobilized along the pile 
shaft. However, in certain circumstances, the soil around the pile shaft may settle more 
than that of the pile itself. Thus, instead of supporting the pile foundation, the soil 
would drag down the pile and induce additional loads on the pile. The induced shear 
stress along the pile-soil interface acting downwards due to the relative downward 
settlement of surrounding soil with respect to the pile shaft is commonly known as 
negative skin friction (NSF), which will cause additional compressive load (dragload) 
on the pile shaft as well as additional pile downdrag settlement on top of those caused 
by the superstructure loads. Such phenomenon usually occurs when a pile is installed 
in soft soil that is still undergoing consolidation. In severe cases, the dragload could 
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cause pile structural failure due to overstress, or the downdrag settlement could be so 
excessive that the serviceability of the super-structure was severely compromised. 
It has been recognized that there exists 3 typical causes which could induce NSF 
on piles: 
(1) Soil re-consolidation after pile driving (see for example Fellenius, 1972).  
(2) Lowering of the piezometric level (see for example Endo, 1969; Inoue, 1977; 
Auvinet and Hanell 1981; Yen et al., 1989; Lee et al., 1998). 
(3) Surcharge loading (see for example Johanessan and Bjerrum, 1965; Brand, 
1975; Bozozuk, 1981; Indraratna et al., 1992). 
Besides the above 3 common causes, there are other rare scenarios which may 
induce NSF on piles as well. As an example, Richard (1994) reported an interesting 
case whereby the NSF was caused by the wetting of the underlying unsaturated fine 
grained soil which exhibits high compression index upon wetting. Jacob and Kenneth 
(1997) related the failure of a theater wall in north London to the water receding due to 
the desiccation caused by tree growth.  
According to Terzaghi and Peck (1948), the first phenomenon of NSF was 
observed in Holland, where many buildings located in the coastal plains rest on piles 
driven through very soft strata to refusal in a bed of sand. Wherever the site was 
covered by a thick layer of fill shortly before the piles were driven, the buildings 
supported by the piles would settle excessively. Chellis (1961) also recorded several 
earliest incidents of pile failure due to the deleterious effects of NSF on piles since the 
1920s. In general, most of the foundation failures recorded in the literature were 
directly related to excessive pile downdrag settlement due to NSF (see for example 
Brand, 1975; Inoue, 1977; Jacob and Kenneth, 1997;  Yalcin, 1994). In other less 
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common cases, structural failure of piles, especially timber piles, due to excessive 
dragload have also been reported (Chellis, 1961; Kog, 1987 and 1990; Davisson, 1993). 
Sporadic reports of pile failure due to NSF and field tests on NSF began to appear 
in literature since the beginning of the 20th century. However, it is only in 1960s that 
momentum began to gather towards an in-depth study of the problem. For example, 
several important full scale field tests on NSF were reported in the 7th International 
Conference on Soil Mechanics and Foundation Engineering held in Mexico in 1969, 
which in the opinion of Fellenius (1998), “broke new ground”. Since then, 
considerable information on the behavior of piles subjected to NSF has been 
accumulated from both laboratory and field tests. This was accompanied by attempts 
of analytical and numerical formulations for tackling the problem. However, till to date 
the complex mechanism of negative skin friction on piles is still not well understood 
and most of the design approaches are still largely empirical (Fellenius, 1998). Many 
important issues regarding NSF still remained unresolved and quite substantial 
misconceptions and confusions still prevail among geotechnical engineers when it 
comes to the design of piles subjected to NSF (Poulos, 1997; Fellenius, 1999). 
Different field tests often lead to contradicting observations and interpretations from 
time to time. Views and approaches towards the problem can be dramatically 
contrasting to each other among researchers. It is thus not surprising that great 
discrepancy of 57% to 315% between the calculated and measured dragloads have 
been reported at the MIT symposium (Garlanger and Lambe, 1973). In another 
prediction exercise, the calculated dragloads presented by distinguished engineers at 
the Wroth Memorial Symposium varied within a range of 98% to 515% of the 
measured values (Little and Ibrahim, 1993). Although considerable knowledge has 
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been gained regarding NSF over the years, more research is desirable for a better 
understanding of the behavior of piles subjected to NSF. 
In practice, piles are rarely designed to carry solely the dragload. Most piles that 
are installed through a consolidating soil layer carry both the applied load and dragload 
simultaneously. Furthermore, piles are more commonly installed as a group connected 
by a rigid pile cap under a loaded column supporting the superstructure. However, 
field studies reported so far mainly concentrated on the development of NSF on single 
piles only, and in most cases, without application of external loads. Test data on pile 
groups are especially rare in the literature since it is extremely onerous to conduct such 
tests. Worst still, within the very limited test data available on pile groups, 
contradictory observations have been presented by different researchers. Therefore 
there exists a need for further research on the behavior of piles under realistic loading 
conditions, in particular for pile groups.  
 Conducting field studies to investigate the behavior of single piles and pile groups 
subjected to axial force and dragload is obviously very costly and requires a very long 
period of time. This is due to the fact that development of NSF involves consolidation 
of soft soil which easily takes many years to complete. Owing to the changing ambient 
conditions such as fluctuation of groundwater level and temperature variation during 
the long field test period, the obtained field test data could be easily compounded with 
adverse effects from many other factors. For example, the drifting of sensors installed 
in the field with changing ambient temperature over many years always poses a big 
concern over the credibility of test data collected. In view of the difficulties of full-
scale field tests, reduced-scale model tests in a well-controlled laboratory environment 
is an attractive alternative.  
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The constitutive behavior of soil is highly non-linear and stress-dependent. If the 
reduced-scale model tests are carried out under unit gravity (1g) condition, the soil 
stress states in the model tests cannot simulate the conditions in the prototype due to 
highly reduced overburden pressure. Geotechnical centrifuge model tests provide an 
attractive means of overcoming this obstacle by placing a reduced-scale model on the 
platform of a rotating centrifuge. The prototype stress conditions can be reproduced 
within the reduced-scale model and consistent data can be obtained under well-
controlled laboratory environment which can be effectively extrapolated to prototype 
scale. 
1.2 OBJECTIVE AND SCOPE OF STUDY  
The objective of the present study is to use both physical modeling and numerical 
simulation to thoroughly investigate the behavior of single piles and pile groups 
subjected to dragloads and simultaneous dead loads and transient live loads. Although 
some attempts have been made in recent years to utilize the geotechnical centrifuge to 
study the behavior of piles subjected to NSF, it appears that the results reported so far 
are not particularly fruitful. This is especially so for pile groups whereby the difficulty 
of instrumentation of model piles resulted in confusing test data regarding the group 
factors (Tomas, 1998; Lee 2001).  
In the present study, centrifuge model tests have been conducted to investigate 
the combined effects of NSF, dead load as well as transient live load on an “end-
bearing” pile, a “floating” pile, and a “socketed” pile, representing the three most 
common pile load bearing situations in the field. The model pile shafts were 
instrumented with highly sensitive semi-conductor strain gauges in full-bridge 
configuration so as to achieve high signal/noise ratio and immunity of adverse thermal 
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effect, assuring the acquisition of test data of high quality. An elaborate test control 
scheme has been developed to seamlessly incorporate 7 sequential test stages into each 
model test to induce NSF on the instrumented pile through 3 typical means, namely re-
consolidation of remolded clay after pile installation, ground water drawdown as well 
as surcharge loading. Permanent dead load and transient live loads are applied at 
strategic stages to subject the single piles to the combined effects of dragloads and 
applied loads. As the entire test process can be conducted without stopping the 
centrifuge, the pile behavior can be examined in a comprehensive and consistent 
manner. 
The centrifuge model study was subsequently extended to pile groups comprising 3, 
5, 9 and 16 piles connected by a rigid pile cap to study the subtle difference of 
dragloads developed among piles in a group as well as the group effects of NSF. Such 
test results were invaluable in view of the dearth of such data in the literature and were 
used to evaluate the appropriateness of some commonly used empirical and analytical 
formulas for the calculation of dragloads for pile groups. 
All the test data derived from the above centrifuge model tests were subsequently 
utilized to calibrate numerical axisymmetric and 3D Finite Element analysis. Extensive 
numerical parametric studies were then conducted to provide further in-depth 
investigation of some important issues revealed in the present centrifuge model tests 
such as the degree of mobilization of NSF, the effect of transient live loads on NSF, 
the appropriate geotechnical consideration for socketed piles based on allowable 
settlement; the adverse implication of unbalanced stresses inside and outside a pile 
group due to NSF; the moderation effect of a rigid pile cap as well as the NSF group 
effects under various pile and soil conditions. 
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1.3 LAYOUT OF THESIS  
The structure of the thesis is as follows: 
1) Chapter 2 presents a thorough review of literature on previous studies by other 
researchers on NSF. This review concentrates on the current understanding as 
well as remaining uncertainties of the mechanism of NSF on piles. Various 
controversial issues from different researchers are highlighted. The current 
research aims at shedding light on answering the shortcomings identified in this 
review. 
2) Chapter 3 reports the development of the elaborate centrifuge model setup for 
the present study. The characteristics of the sensors used, the preparation of 
model ground, the setting-up of the complete model package, the devised 
hydraulic servo-valve control system, as well as the experimental procedure are 
introduced in detail in this chapter.  
3) Chapter 4 presents three centrifuge model test results on single piles with 3 
representative pile conditions – namely end-bearing, floating and socketed piles. 
In each model test, the single pile was subjected to NSF induced by soil re-
consolidation after pile installation, the increased effective vertical stress due to 
ground water drawdown as well as surcharge loading on ground surface. Dead 
load as well as transient live loads were applied at strategic stages in order to 
study the combined effects of applied loads and dragloads on the piles. 
Important findings among the three distinctively different pile conditions are 
critically examined and compared with previous research studies. While some 
conclusions drawn from the present study are in line with those established in 
previous studies, much emphases are placed on new findings which provide 
new insights to the understanding of the mechanism of NSF on single piles. 
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4) The centrifuge model study was subsequently extended to the study of pile 
groups comprising 3, 5, 9 and 16 piles. Emphasis has been placed on the subtle 
difference of distribution of dragload among piles in a group connected by a 
rigid pile cap. By examining the dragload in each pile within the pile groups 
against that of a single pile, the pile group effect of NSF is quantitatively 
explored in a consistent and rigorous manner. These invaluable test data are 
readily utilized to evaluate the appropriateness of some commonly used 
empirical and analytical formulas for the calculation of dragload for pile groups 
in Chapter 5. 
5) Numerical analysis of NSF by axisymmetric and 3D Finite Element Method 
(FEM) has been conducted in the present study to supplement the centrifuge 
model study in order to delve deeper into the behavior of piles subjected to 
NSF. The numerical tool was carefully calibrated against the test data and was 
subsequently used for further in-depth exploration of various important issues 
revealed by the centrifuge model tests. These include the degree of 
mobilization of NSF, the effect of transient live loads on the lock-in dragload at 
neutral point, the appropriate geotechnical consideration for socketed piles 
based on allowable settlement; the adverse implication of the unbalanced 
stresses inside and outside a pile group due to NSF; the moderation effect of a 
rigid pile cap as well as the variation of NSF group reduction factors with the 
pile-soil conditions. All the methodology and results of the numerical analyses 
were reported in detail in Chapter 6. 
6) Chapter 7 summarizes the conclusions drawn from the above centrifuge model 
and numerical studies and recommendations for future research are presented. 
 











2.1  INTRODUCTION 
The problem of NSF on a pile can be visualized from Fig. 2.1(a) whereby a pile is 
installed through a deposit of consolidating soft soil overlying competent soils. The 
settlement of the consolidating soft soil can be large and exceeds that of the pile 
carrying a vertical load P0 from superstructure. The consequence is that, instead of 
supporting the pile, the soft soil (including any soil overlying it, if any) will try to drag 
the pile down causing negative skin friction (NSF). The detrimental effect of NSF on 
the pile is twofold. Firstly, the NSF will increase the maximum load on the pile shaft 
beyond that of external load P0 on the pile head, which may lead to overstress of the 
pile material in severe cases. Secondly, the NSF will induce additional pile downdrag 
settlement which may severely compromise the serviceability of the superstructure. Fig. 
2.1(b) illustrates the load transfer along the pile shaft. At the pile head is the applied 
external load P0. The load on the pile increases along the pile shaft and reaches its 
maximum value at the location called neutral point (NP). In other words, the neutral 
point is the location where the load on the pile is the maximum in the case of a pile 
subjected to NSF. From the NP downward, positive shaft resistance starts to mobilize 
along the pile shaft and the load on the pile shaft begins to reduce until reaching the 
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end-bearing load at the pile toe. It should be noted that the NP is also the elevation 
where the settlement of the soft soil equals to that of the pile, as schematically shown 
in Fig. 2.1(c). In the figure, the settlement of the underlying stiff soil is assumed to be 
negligible and the maximum ground surface settlement is S0. The pile head settlement 
Sp is the settlement of the pile toe, St, plus the elastic shortening of the pile shaft itself. 
Above the NP, the settlement of the soil exceeds that of the pile and thus NSF was 
mobilized at the pile-soil interface. Below the NP, the settlement of the pile is larger 
than that of the soil and thus positive shaft resistance develops along the pile shaft.  
Consolidation of soft soil can be attributed to 3 typical causes, namely (1) 
dissipation of excess pore water pressure generated due to pile driving (see for 
example Fellenius, 1972); (2) lowering of piezometric heads leading to an increase in 
effective stress within the soft clay (see for example Endo, 1969; Inoue, 1977; Auvinet 
and Hanell 1981; Yen et al., 1989; Lee et al., 1998); and (3) surcharge loading on the 
ground surface (see for example Johanessan and Bjerrum, 1965; Brand, 1975; Bozozuk, 
1981; Indraratna et al., 1992). Case histories have convincingly shown that the 
downdrag forces thus induced on piles can be large enough to cause the piles to settle 
excessively (see for example Brand, 1975; Inoue, 1977; Jacob and Kenneth, 1997;  
Yalcin, 1994), or even cause pile structural failure because of overstress (see for 
example, Chellis, 1961; Kog, 1987 and 1990; Davisson, 1993). 
Since the beginning of 20th century, especially after the 1960s, considerable 
research studies have been conducted to facilitate the understanding of the mechanism 
of NSF on piles. These efforts include full scale field tests, reduced scale model tests at 
1g laboratory condition as well as analytical and numerical approaches. Recently, 
some researchers have utilized the geotechnical centrifuge modeling technique to 
advance the understanding of NSF. Although there are advancements in the knowledge 
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of NSF on piles, misconceptions and controversies still prevail to date. Different 
schools of thought and design philosophies co-exist and contrast to each other. 
Significant uncertainties still remain and need to be resolved in the future endeavors. 
This literature review will mainly concentrate on the understandings which have been 
established over the years and, more importantly, identify the ambiguities that 
remained to be clarified and resolved. Such close examination of previous studies will 
serve the purpose of charting directions for the present research project. 
2.2   UNDERSTANDINGS AND UNCERTAINTIES OF NSF 
2.2.1 When We Need to Consider NSF 
It is the general perception and practice that NSF needs to be accounted for when 
piles are installed through overlying soft clays with considerable thickness. However, 
two controversial issues still remain to be resolved, namely, 
(1) Do we always need to design for NSF whenever there exists overlying soft clay 
layer? 
(2) Does NSF occur only to pile installed through soft clays? Or is NSF ubiquitous 
to all piles installed in the ground regardless of soil types? 
Some researchers have tried to explore situations when NSF does not exist despite 
the existence of soft clay deposits so that NSF could be ignored for an economical 
design of pile foundations. One way to achieve that may be to delay the pile 
installation until the consolidation of the clay is completed. For example, Milner (1957) 
reported a project in UK where piles were installed through a soft alluvium deposit 
approximately 7.6 m thick and founded 1.5 m into the underlying shale to support an 
access tunnel. The piles were sunk about a year before the backfilling of an earth 
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mound of more than 7 m high was started. The ground surface settled about 457~610 
mm under the weight of the backfill and dragged the piles to settle as much as 190 mm 
within 6 months which required costly remedial work. However, on a neighboring site, 
the sequence of construction was altered such that piles were installed after 
consolidation of the clay under backfill was essentially completed. It was found that 
overloading on piles due to negative skin friction had not occurred after this alteration 
of construction sequence. Ho and Mak (1994) also reported a long-term monitoring on 
piles driven into saprolite (a soft and friable rock) through an old reclamation fill 
which has been in place for more than 20 years. Measurements indicated that no 
significant NSF buildup in the long term after building occupation. They attributed this 
to the fact that primary consolidation of the marine deposits and alluvium under the old 
reclamation fill has completed before the installation of piles. 
However, Milner’s (1957) successful story by delaying the pile installation to do 
away with or minimize the NSF is not supported by what was observed by Bjerrum 
(1969) of a test pile installed in an area with the fill in place for more than 70 years. 
Despite the fact that the consolidation of the underlying deep soft clay had been 
completed 70 years after the filling, significant downdrag loads as large as those 
observed in a nearby site with large continuing soil settlement was observed to develop 
on the test pile. The very minor soil settlement due to the reconsolidation of remolded 
soil during pile driving as well as any minor continued consolidation soil settlement is 
what it takes to mobilize significant NSF on the pile. Thus, it is questionable whether 
adjusting construction sequence is effective in alleviating the effects of NSF. 
Based on a case study of structural failure of timber piles due to NSF, Kog (1990) 
proposed a governing criterion when downdrag does not need to be accounted for even 
though large consolidation settlement is anticipated. He observed from the case history 
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that even though substantial consolidation settlement was observed on site six years 
after the installation of the piles, structural failure of the timber piles was reported only 
for those lightly loaded piles. No failure was reported on the other piles with heavier 
loads. He postulated that NSF must be accounted for in the design when the applied 
load is less than the maximum downdrag load. When the applied load is larger than the 
maximum downdrag load, no provision needs to be made for negative skin friction.  
Engineers may become hesitant to adopt Kog’s (1990) postulation on when the 
NSF could be disregarded after they looked at the field test results by Fellenius (1977). 
As shown in Fig. 2.2, 495 days after the pile installation, a maximum downdrag load 
of about 570 kN was developed at the neutral point (NP) located at around 43 m below 
the ground surface. When a dead load of 440 kN was applied on the pile head, 
significant amount of NSF was cancelled out down to the depth of more than 30 m. 
However, with time, significant amount of NSF began to accumulate along the pile 
shaft again. The maximum downdrag load on 859 days after the pile installation 
reached as large as 800 kN. Further pile head loading to 800 kN also temporarily 
cancelled out the NSF. But with time, large downdrag load began to accumulate along 
the pile shaft again which is well in excess of the applied load. It is thus obvious that 
large applied load may be able to cancel out the NSF on a pile, as assumed by Kog 
(1990). However, with time, any further soil settlement, which can be as small as 1 to 
3 mm per year can induce very large downdrag load on the pile to well exceed the 
applied load. The situation would be worsened if any water drawdown or new 
backfilling occur on or adjacent to the site in the future. Thus, before further 
understanding of the mechanism of NSF, the proposal by Kog (1990) should be treated 
with caution. 
Chapter 2⎯-Literature Review 
 14
Contrary to some researchers who tried to explore scenarios whereby NSF could be 
ignored even if deep deposit of soft clay exists, Fellenius went to the other extreme and 
claimed that “all piles experience dragloads!” regardless of soil types (Fellenius, 1984). 
His argument is based on the observation that very small displacement is able to 
mobilized large shear stress at the pile-soil interface. He argued that the pile material is 
immensely more rigid than that of the soils. With time, there will inevitably be some 
small settlement of the soil generating a small relative displacement between a pile and 
the soil that is sufficient to mobilize substantial negative skin friction along the piles. 
However, it is noted that such postulation appears to be not well accepted by other 
researchers and practicing engineers whose perception is that NSF only occurs when 
there exists an overlying soft cohesive soil which is still consolidating. Terzaghi and 
Peck (1948), for example, explicitly stated that “if the subsoil consists of loose sand or 
other highly permeable and relatively incompressible soils, the effect of the fill on the 
piles can be disregarded.”  
It appears that the above two schools of thought on the occurrence of NSF on piles 
had not been sufficiently substantiated by exploration of underlying fundamental 
mechanism, but based merely on limited field observations. In particular, the 
postulation by Fellenius that “all piles experience dragloads” irrespective of soil types 
appears to be not popular with practicing engineers, and in certain cases may lead to 
over-conservatism when determining the maximum load on the pile. This will be 
discussed in more detail later on. 
2.2.2 Movement Required for Mobilization of NSF 
There are some contrasting field observations as to the magnitude of soil 
movement relative to the pile for the full mobilization of NSF on piles. Some field 
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observations revealed that full mobilization of NSF were associated with very small 
soil settlement in the order of a couple of millimeters (see for example Bjerin, 1977; 
Fellenius, 1972), while other full scale tests showed that downdrag force continued to 
increase with increasing soil settlement well beyond hundreds of millimeters (see for 
example Clemente, 1984; Indraratna, 1992).  
Bjerin (1977) observed that NSF was fully mobilized to a depth of about 25 m after 
a relative displacement of about 5 mm as measured at about 0.12 m away from the pile. 
Bjerrum et al. (1969) reported a pile installed in an area in the Harbor of Oslo where a 
13-m deep fill has been in place for more than 70 years and the consolidation of the 
underlying 27-m deep soft clay had been completed with remaining rate of settlement 
as small as 1 ~2 mm per year. However, due to this small regional soil subsidence as 
well as the effects of pile driving, downdrag load as large as 2500 kN developed along 
the pile shaft after the pile installation. He concluded that “negative friction developed 
very quickly and only small relative movements were required to fully develop its 
maximum value”. Fellenius (1972) measured the NSF developed in a pile installed 
through 40 m of soft clay and embedded 15 m into the underlying stiff soil. About 180 
days after pile installation, the dissipation of excess pore pressure caused by pile 
driving generated about 300 kN dragload on the pile. The ground settlements which 
caused this dragload were as small as 2~3 mm.  
The above field observations are in line with Terzaghi and Peck’s (1948) 
postulation that “an imperceptible downward movement of the fill with respect to the 
piles is sufficient to transfer onto the piles the weight of all the fill located within the 
cluster” to induce NSF on piles. In a more fundamental study, Alonso (1984) observed 
in the laboratory that for low plasticity silty clay, the maximum shear stress is 
mobilized at a relative displacement of about 2.5 mm, with about 75% of the 
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maximum shear stress mobilized at a relative displacement of 1 mm. In another study 
by Clemence and Brumund (1975) on sand, the mobilization of most of the shear stress 
occurred at displacements of less than 1 mm.  
The observation that a very small relative movement between the soil and the pile 
is sufficient to mobilize full or major proportion of shear stress along the pile shaft, or 
even reverse the direction of the shear force from positive to negative has some major 
implications. For example, Fellenius postulated based on this observation that all piles 
will experience dragloads regardless of soil conditions and that transient live loads will 
never superimpose with downdrag loads at NP. More details of these postulations will 
be discussed later. 
However, when it comes to the scenario whereby the negative skin friction on pile 
is induced by surcharge loading, development of negative skin friction can be 
associated with very large soil settlement. For example, Indraratna et al. (1992) and 
Fukuya et al. (1982) revealed that negative skin friction continued to increase with 
ground settlement well beyond 100 mm. Lee and Lumb (1982) reported that the 
maximum downdrag load did not achieve until the ground settlement reached about 
400 mm. In another field study, Clemente (1981) observed that the downdrag load 
increased in tandem with soil settlement exceeding 1000 mm.  
Recently, Leung et al. (2004) presented centrifuge model tests on a single pile with 
a diameter of 1.6 m installed through 16 m of soft clay and socketed 2.5 m into the 
underlying dense sand layer (all in prototype scale). The NSF was induced by the 
consolidation of the soft clay due to the enhanced self-weight of the soft clay when 
spun to 100 g. The ground settlement was observed to increase with time and the 
excess pore water pressure was observed to dissipate after a period of about 83 months 
(in prototype scale). During this period, the soil settlement keeps on increasing with 
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reducing rates. A final soil settlement of about 1060 mm was recorded at the end of 
consolidation. The downdrag load as well as settlement on the pile continued to 
increase in tandem with soil settlement and reached about 780 kN and 13 mm, 
respectively, 30 months after the start of consolidation with a corresponding soil 
settlement of about 960 mm. Although thereafter the soil continues to settle by another 
100 mm, this further soil settlement does not induce any additional dragload and 
downdrag settlement on the pile. 
It can be seen that those who observed a very small magnitude of soil movement 
for the full mobilization of skin friction are mainly restricted to test conditions that 
either the soil strength remained unchanged during the test (see for example Clemence 
and Brumund, 1975; Alonso, 1984), or the NSF was induced by the re-consolidation of 
remolded soils due to pile driving which were typically confined within several pile 
diameters around the pile and thus normally did not lead to substantial soil settlement 
in a large area. On the other hand, in the case of surcharge loading, the dissipation of 
excessive pore water pressure is normally accompanied with large consolidation 
settlement. The continuing dissipation of pore pressure lead to ever-increasing 
effective stress in the soil, which in turn leads to an increase of shear strength at the 
pile-soil interface and thus an increase in the dragload on the piles.  
It appears that in the latter scenario, after substantial soil settlement, the 
development of NSF tends to stabilize although the soil may continue to settle further 
(see for example Leung et al., 2004). There may be two plausible explanations for this 
phenomenon as follows: 
(1) One possible reason is that primary soil consolidation has been completed with 
accompanying large soil settlement. The continued soil settlement is only due 
to secondary consolidation with constant soil strength. Thus the pile settlement 
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as well as downdrag load on the pile remains essentially constant. However, in 
this regard, it may be worthwhile to mention an unusual test observation 
presented by Walker and Darval (1973) in a field test in which the NSF was 
induced by 3 m backfill. At 10 days after the start of filling, the settlement of 
the ground surface was in linear relationship with log time, indicating that the 
soil settlement was due to secondary consolidation (soil creep). However, the 
measured downdrag load has actually increased by about 30% under constant 
effective stresses with constant peizometer readings. This observation is quite 
unusual and obviously deviates from the present understanding of the 
development of downdrag loads. Despite its over-consolidated nature, the 
conclusion that the primary consolidation of the 15-m thick firm silty clay 
completed immediately after the completion of the 3-m backfill which took 10 
days appears unusual, and thus this case history must be viewed with caution.  
(2) Another plausible explanation is that after large soil deformation, strain 
softening begin to dominate at the pile-soil interface. On one hand, the shear 
strength at the pile-soil interface tends to reduce towards the residual value; 
while on the other hand, the continuing consolidation and increase of effective 
stress tend to increase the shear strength at the pile-soil interface. The shear 
strength along the pile-soil interface may reach some point when the net effect 
of the above two opposite processes turn out to cancel out each other and 
results in a shear strength at the pile-soil interface more or less constant, despite 
continuing soil settlement. The strain softening effect and possible reduction of 
shear strength to the residual value at the pile-soil interface under large soil 
settlement has been proposed by Tomlinson (1994), but not verified by any test 
data. 
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2.2.3   Magnitude of NSF 
Calculation of negative skin friction on a single pile can be conducted using either 
the total stress approach (also commonly known as the α-method) or the effective 
stress approach (also commonly known as the β-method). In the α-method, the 
negative skin friction, fn, experienced by a pile is given by  
 
fn = α Cu                                                                   (2.1) 
 
where α is an empirical factor, which depends on the properties of the pile material 
and the surrounding soil (Little, 1994). Cu is the initial undrained shear strength of the 
clay measured before the installation of piles. Usually α is less than unity. However, in 
the case of soil consolidation, say, under surcharge loading, the shear strength of the 
soil may increase substantially and thus increase the negative skin friction along the 
pile shaft. In this case, the α value may be well in excess of unity. For example, Little 
(1989) observed in a laboratory model test that the α value based on the measured 
initial undrained shear strength increased approximately 25% for every 2% increase of 
the settlement ratio, and reached a value of about 2.0 at the end of the consolidation 
under 90 kPa surcharge loading. Walker and Darvall (1970) summarized field test data 
from some Norwegian and Japanese studies and plotted them in a dimensionless form 
in terms of the ratio of average shear stress to average undrained shear strength versus 
depth, as shown in Fig. 2.3.  It can be seen from the figure that generally at least 50% 
of the undrained shear strength has been mobilized on all the piles. The Heroya A 
curve, in particular, shows an average shear stress 80% higher than the average shear 
strength, which could be the result of significant consolidation and thus strength 
increase in the clay around the pile. Generally, it can be seen that a horizontal line with 
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an ordinate of 1.0 is a slightly conservative estimate to the mean curve, indicating that 
as a means of establishing the order of dragload, the product of in-situ shear strength 
and depth is not generally an unreasonable approximation. In another field study, 
Auvinet (1981) derived a α value of 0.8 from a field test in Mexico city clay. Endo et 
al. (1969) observed that the measured stresses in piles due to negative skin friction 
showed good agreement with the stresses computed on the basis of fully mobilized 
shear strength (qu/2), indicating a α value of 1.0. Leung (2004) also derived from 
centrifuge model tests that α is close to unity using the undrained shear strength 
measured at the end of the test. 
However, despite its simplicity, α-method has come under attack from some 
researchers for its inconsistency, especially in terms of the wide scatter of α values. 
For example, in analyzing a field test on piles subject to NSF, Bozozuk (1972) found 
that there was little or no relation between the negative skin friction exerted on the pile 
and the in-situ shear strength of the soil. Little (1989) derived the α value from his 
aforementioned laboratory model test in two different ways: from the initial measured 
shear strength of the soil at the beginning of each loading stage, and from the 
calculated value of the undrained shear strength appropriate to the changing degree of 
consolidation. Based on a constant initial undrained shear strength, the derived α value 
scattered widely from 0.27 to 2.13. Taking into account the changed shear strength due 
to consolidation resulted in calculated “adhesion value”, namely the α value, in a much 
narrower range of 0.29 to 0.58.   
In analyzing their field test data of an end-bearing pile subject to negative skin 
friction, Johannessen and Bjerrum (1965) found that negative skin friction is 
proportional to the effective overburden stress of the surrounding soil. The constant of 
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proportionality  was found to be equal to the product of coefficient of horizontal earth 
pressure at rest K and the tangent of soil effective friction angle φ’. They found that 
such effective stress approach with a K× tanφ’ value of 0.20 for soft to medium soft 
clay give a considerably better agreement with the observations than the assumption 
which used the adhesion corresponding to the variation of the undrained shear strength 
of the clay (namely the α-method). Bjerrum subsequently used this method to analyze 
five other test piles at two different sites and found that the value of K× tanφ’ 
(commonly termed as β value today) are “so consistent and the scattering so small” 
(Bjerrum, 1969).  
In 1973, Burland conducted a more comprehensive study on the use of effective 
stress approach for calculating the shaft resistance of piles in clay. In contrast to the α-
method, he introduced the β parameter to relate the shear stress to the effective 
overburden stress. Based on the analysis of a larger number of pile tests carried out on 
a wide variety of soft clays, he demonstrated that despite making a gross assumption 
that all the soils have a bulk density of 1800 kg/m3 and the water table is 1 m below 
ground level, whenever such information was not available, the β value lies between 
0.25 and 0.40 which represents a much smaller spread than the equivalent α values 
which lie between 0.5 and 1.6. Burland suggested that the approach could also be used 
to estimate negative skin friction, essentially being the same method as that adopted by 
Johannesen and Bjerrum (1965). An upper limit of β = 0.25 was proposed by Burland 
for the estimation of NSF on piles in soft clay.   
Due to the original work of Johanessen and Bjerrum (1965) and Burland (1973), 
the coefficient β is sometimes also referred to as “Bjerrum-Burland coefficient” 
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(Matyas and Santamarina, 1994) and negative skin friction can be concisely expressed 
as: 
 
fn = β σv’                                                                  (2.2) 
 
Over the years, various refinements to formula (2.2) have been proposed by 
various researchers. Bozozuk (1972), for example, explicitly introduced a parameter M 
to cater for the ratio between the effective friction angle of soil and the effective 
friction angle at the pile-soil interface, namely: 
 
fn  =  M K tanφ’ σv’  =   β σv’                                   (2.3) 
 
where as explained earlier, K is the coefficient of horizontal earth pressure at rest ; φ’ 
is the effective soil friction angle; and M is the friction factor for the soil acting on the 
pile surface, namely M = tanδ’ / tanφ’ where δ’ is the friction angle at the pile-soil 
interface. 
Van Der Veen (1986) introduced a reduction number, η, to take into account the 
reduction of vertical stress due to NSF, a concept which has been proposed back in 
1959 by Zeevaert (Zeevaert, 1959). His modified formula is: 
 
fn  =  η K tanφ’ σv’  =   β σv’                                             (2.4)        
                    
where η varies between 0.7 and 0.9 in the case of NSF. In the case of positive shaft 
friction, η will be larger than unity. 
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Endo (1969) found that the maximum downdrag load on an open-ended tubular 
steel pile was about 60% that of a closed-ended pile. He thus introduced a coefficient η 
to the effective stress formula: 
 
fn  =  η K tanφ’ σv’  =   β σv’                                             (2.5) 
 
where η = 1.0 for closed-ended piles and η = 0.6 for open-ended piles.  
Although at first glance it appears that many factors influence the β value, the 
variation of β turns out to be not as alarmingly variable as its various components seem 
to suggest. Consistent and narrow-ranged values have been reported by different 
researchers world-wide. For example, Johannesson and Bjerrum (1969) reported a 
value of 0.18 to 0.23 for soft to medium soft clay from the field test in the Harbor of 
Oslo. Garlanger (1974) proposed that β for clays might be taken as 0.20 to 0.25 from 
the analysis of test results. Leung et al. (2004) derived an average β value of 0.25 from 
centrifuge model tests. Burland (1973) proposed an upper limit of 0.25 for soft clay, 
and NAVFAC foundation design manual (1986) recommends 0.20 to 0.25 for clay. 
However, for sitly clay, silt or cohesionless soil, It is commonly believed that the β 
value may be higher (Garlanger, 1974; Brom, 1976; NAFVAC; 1986). 
2.2.4 Location of Neutral Point (NP) 
According to Little (1994), Buisson et al. (1960) may be the first to note that the 
shear stress along the pile must be related to the shear strain and that at some point 
along the pile, the relative movement would be zero and no load would be transferred 
between soil and pile. As elaborated in Section 2.1 and illustrated in Fig. 2.1, the 
neutral point is the location where (1) there is no relative movement between the pile 
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and the soil; (2) negative skin friction starts to change to positive shaft resistance; and 
(3) the load on the pile is the maximum, which is the addition of the applied load at the 
pile head, if any, and the downdrag load developed up to the neutral point. As 
demonstrated by Matyas and Sntamarina (1994), there exists a transition zone around 
the NP where the negative skin friction transits to the positive shaft resistance. They 
postulated that the thickness of the transition zone decreases with increasing stiffness 
of the shaft resistance and the compressibility of the surrounding soil. Thus, the NSF 
near the neutral point is only partially mobilized. When the thickness of the transit 
zone is substantially long, the influence of partial mobilization of the negative skin 
friction near the NP must be considered in the estimation of NSF, otherwise the 
dragload could be grossly over-estimated. 
Some simple equilibrium formulations can effectively provide much insight on the 
logical position of NP on a pile. From Fig. 2.1(b), a force equilibrium can be 
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where D is the pile diameter; fs- and fs+ is the negative and positive skin friction; Qt is 
the end-bearing resistance; Ln is the elevation of the NP and L is the length of the pile. 
Assuming a simplified case with homogenous soil profile and applying the β-method 
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where γ’ is the effective unit weight of the homogenous soil, q0 is the surcharge on the 
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In the special case when there exists no surcharge q0 and service load P0, and 
assuming negligible pile toe resistance Qt, the location of NP obtained from the above 
equation is reduced to: 
 
Ln = L / L7.02 ≈               (2.9) 
 
Namely in this simplified scenario, the NP will be located approximately at the 
lower third point of the pile embedment depth, as also presented by Bozozuk (1972) 
and Bowles (1988). In the case that the shear strength along the pile shaft increases 
substantially with depth, or the toe resistance increases, the position of the neutral 
point will move downwards in order to satisfy the requirement of force equilibrium. In 
the extreme case of an end-bearing pile on sound rock, the NP is expected to shift to 
the pile tip. On the other hand, when the pile was loaded at the pile head, the NP will 
move gradually upwards in order to satisfy the force equilibrium. 
Based on the same ideal of force equilibrium, Fellenius postulated a procedure for 
the determination of the neutral point as the first step of his proposed unified design 
procedure (Fellenius, 1988). As illustrated in Fig. 2.4, a “load curve” is drawn from the 
pile head down along the pile shaft with the starting value of the applied load Qd at the 
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pile head and increases with depth due to NSF. Another “resistance curve” is drawn 
from the pile toe up starting with the value of ultimate toe resistance and increasing 
with the positive shaft resistance. The intersection of the above two constructed curves 
meets the requirement that the sum of applied dead load plus the dragload is in 
equilibrium with the sum of positive shaft resistance and the toe resistance of the pile. 
However, it should be noted that such method of determining the neutral point based 
purely on force equilibrium, although conceptually impeccable, “subjects to large 
uncertainty” (Fellenius, 1988). For one thing, while it may be approximately 
reasonable to assume the full mobilization of skin friction along the pile shaft, which 
may require only a few millimeter of relative movement, the toe resistance may be 
hardly fully mobilized under normal working condition. The depth of the neutral point 
will then be over-predicted, leading to over-estimation of maximum dragload at the NP 
and under-estimation of pile settlement when co-relating to the soil settlement profile. 
Thus, as a compromise, Fellenius later suggested that “in an actual design case, when 
determining the maximum load on the pile (dead load plus dragload) one should 
assume a fully mobilized toe resistance. When determining the settlement of the pile, 
one should assume a less than fully mobilized toe resistance, which results in a higher 
location of the neutral plane and a larger calculated settlement” (Fellenius, 1999). 
However, such approach of varying toe resistance appears arbitrary and may lead to 
over-conservatism in design. 
Vesic (1977) and NAVFAC (1983) recommended that for design purpose, the ratio 
of the depth of NP to the length of pile in compressible strata may be approximated as 
0.75. However, such shallow location of NP only occurs when the soil is fairly 
uniform and the toe resistance is not substantial, as illustrated in the preceded sections, 
and supported by field observations by Endo (1969) and Inoue (1979). However, in 
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most cases when the pile is socketed into the underlying stiff clay or dense sand, the 
observed location of the NP tends to be much lower. For example, Leung et al. (2004) 
observed that the neutral point was located at about 90% within the depth of the soft 
clay in their centrifuge model tests on socketed piles. Kog (1989) adopted Ln/L = 0.9 
for the evaluation of NSF on a case history. Inoue (1979) also recommended the use of 
Ln/L = 0.90 to 0.95 for piles driven sufficiently. For the case of end-bearing piles 
driven to sit onto sound rock, enough evidences have shown that the NP shifts further 
down to the pile toe level (see for example Johannessen and Bjerrum; 1965; Lee, et al., 
2002; Leung et al., 2004). Thus, the recommendation of Ln/L = 0.75 in the evaluation 
of NSF on piles may grossly under-estimate the elevation of NP leading to an 
underestimation of dragload on piles. 
Auvinet (1981) suggested that for a pile with a NP located at a deep elevation, a 
secondary neutral plane may appear at a shallower elevation below the ground surface 
with the coming of rainy season causing upheaval of the superficial soil layers. 
However, such suggestion was not supported by test data. Tomisawa and Nishikawa 
(2000) even suggested that in multi-layered ground there could be several neutral 
points. No convincing reasoning and test data was available to support such 
postulation as well. 
2.2.5 NSF on Cast-in-situ Bored Piles 
So far, most of the field tests have been conducted on driven piles, with extremely 
limited field test conducted on cast-in-situ bored piles. The reason may be due to the 
difficulty of instrumentation for measuring NSF on bored piles; while on the contrary, 
instrumentation and installation of driven piles on site are neater and more manageable. 
When it comes to consider NSF on bored piles, it is normally based on the knowledge 
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obtained from the database accumulated from the understanding of NSF on driven 
piles. Searching through the literature, the writer only came cross 2 case histories of 
NSF on bored piles. 
Mohan et al. (1981) conducted a field test on a bored cast-in-situ instrumented 
concrete pile subjected to NSF. The pile had a diameter of 43 cm and a length of only 
5 m floating in a deep marine clay deposit. The pile top was held stationary by hanging 
it from a yoke and the NSF was generated by loading the ground around the pile. The 
β value was observed to increase with magnitude of surcharge loading and varied from 
0.1 to 0.15, which is smaller than those reported in the literature. The construction of 
bored pile under bentonite slurry may attribute to the reduction of β value. Also, the 
Poisson effect may play an important role in the reduced β value as the test pile was 
hanged at the pile head and subject to pull down tension of the soft clay under 
surcharge loading. Such loading scenario is different from a pile subject to actual NSF 
in the field when the pile is in compression (Fellenius, 1984). 
Bhandari et al. (1984) reported another field test in which a 66-cm diameter end-
bearing cast-in-situ bored pile with a total length of 28.4 m was installed through 3 m 
of fill, 0.5 m thick layer of sand, 14.5 m deep deposit of soft clay and embedded into 
the underlying stiff clay and weathered rock. The NSF was generated by loading the 
ground around the pile in stages. The ground settlement was accelerated by providing 
vertical sand drains. The observed α value lies in the range of 0.46 to 0.53 with an 
average value of 0.5. The β value was seen to vary between 0.2 and 0.24. No 
information on the development of NSF with time and position of neutral point was 
given. 
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2.3   DESIGN PHYLOSOPHY 
Although the problem of NSF has been recognized since the early 20th century, the 
mechanism of NSF is still not well-understood. Quite a number of fundamental issues 
such as those discussed above have not yet satisfactorily resolved and considerable 
confusions still prevail among geotechnical engineers when it comes to the design of 
piles subjected to NSF. For example, Fellenius (1999) observed that many engineers 
“will consider the dragload as just another load and lump it in with the dead and live 
loads. In reference to the bearing capacity, some will even determine the factor of 
safety as the pile bearing capacity divided by the sum of the dead and live loads and 
the dragload! Or worse, as really has occurred by some twisted logic, first subtract the 
dragload from the bearing capacity and then divide the balance by the sum of the dead 
and live loads and the dragload.”  
In a bid to dispel the misconceptions among geotechnical engineers, Poulos (1997) 
clearly stated that “negative friction cannot lead to plunging failure of the pile”, since 
“a pile can only fail geotechnically if the pile moves past the soil, whereas negative 
friction requires the soil to move past the pile”. Such insight on NSF is in line with that 
by Van Der Veen (1986) who postulated that “the ultimate bearing capacity is reached 
when … the pile at every point moves downwards relative to the soil. The pile will be 
subjected to positive friction along the total length of its shaft”.  
Poulos (1997) agreed with the statement made by Van Der Veen (1986) that “the 
design of a foundation on piles where negative skin friction will occur is a settlement 
of the pile problem”. Thus, the focus of Poulos’s design philosophy lies on the 
condition that “the pile head settlement should reach an acceptable limiting value, 
regardless of the settlement of the soil”, which could be as large as 1000 mm as 
revealed by some field tests described above. 
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Based on the force equilibrium acting on a pile as shown in Fig. 2.5, Poulos 
derived the maximum possible elevation of neutral point, Znmax, as follows: 
 
                                                                                                             (2.10) 
 
where P0 is the axial load applied to pile head; fs1- is the average ultimate NSF above 
the NP; fs1+ is the average ultimate positive skin friction in the soft soil below the NP; 
fs2 is the shaft resistance mobilized in the lower stable soil; fb is the ultimate end-
bearing resistance of pile tip; C is the circumference of pile; Ab is the cross-section 
area of pile tip; L1 is the thickness of the soft soil; and L2 is the length of pile socketed 
into the underlying stable soil. 
Two scenarios have been postulated by Poulos (1997): 
1. If Znmax > L1, then the available pile resistance in the lower stable soil exceeds 
the maximum downward force caused by the applied load and the downdrag 
force and is therefore not fully mobilized. In this case, the maximum downdrag 
force can be assumed to occur at the interface of the top soft clay and the 
underlying stable soil. The pile head movement will reach a limiting value 
regardless the magnitude of soil surface movement. This is the scenario which 
should be designed for. 
2. If Znamx ≤ L1, then the available pile resistance in the lower layer is fully 
mobilized. In this case, the maximum downdrag force can be assumed to occur 
at the calculated value of Znmax. The pile head movement will continue to 
increase as the soil surface movement increases! This is the scenario which 
should be avoided in a design. 
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Based on scenario 1 above, for design purposes, the downward force FD at the NP 
can be derived as follows: 
 
                                                                                                 (2.11) 
 
where φn is a partial factor for downdrag load. 
Similarly, the maximum resistance FR below the neutral point can be expressed as 
follows: 
 
                                                                                                    (2.12) 
                
where φb and φp is the partial factor for end bearing resistance and shaft resistance in 
the stable soil, respectively. 
By equating Eqs. (2.11) and (2.12), the maximum allowable load which may be 
applied to the pile head such that scenario 1 above prevails can be derived as follows: 
 
                                                                                                     (2.13)            
                                                        
or, 
 
                                                                                                           (2.14) 
 
Poulos (1997) emphasized that this maximum allowable load is not based on a 
consideration of ultimate load capacity, but rather on the condition that the pile head 
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movement will stabilize and reach a limiting value, regardless of the magnitude of the 
soil movement. 
Poulos suggested that typical values for φb and φp ranged between 0.5 and 0.7 
depending on the method of estimation, the type of pile and the reliability of the soil 
data. If it is assumed that φb = φp, and substitute it into Eq.(2.14), then  
 
                                                                                                         (2.15) 
 
where the ultimate toe resistance Pb and positive shaft resistance Fs2 in Eq. (2.14) have 
been replaced by symbols Qutip and Quskin for convenience. Eq. (2.15) turns out to be 
very similar to the empirical formula proposed by Van Der Veen (1986): 
 
                                                                                                          (2.16) 
 
where Pad is the allowable load on pile head as Pamax in Eq. (2.15). Comparing Eq. 
(2.15) with Eq. (2.16), it can be seen that φn in Eq. (2.15) has been assigned a value of 
0.7 in Eq. (2.16) and the range of 1.4~2 in Eq. (2.15) has been specified to be 1.7 in Eq. 
(2.16). According to experience in Netherlands, the use of Eq. (2.16) corresponds with 
pile settlements of not more than a few centimeters against settlements of the 
compressible layers of more than half a meter (Van Der Veen, 1986). 
It is encouraging to find that Eq. (2.15) is also essentially the same as that derived 
by Fellenius back in 1972 as follows: 
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where, according to Fellenius (1972), fp,p is the partial factor of safety for the working 
load, Pp; fQ is the partial factor of safety for the ultimate bearing capacity of pile; and 
fp,n is the partial factor of safety for the downdrag load Pn.  
However, dramatically, Fellenius has long abandoned such approach since he 
deemed that such “recommendation for how to consider negative skin friction in pile 
foundation design is not correct” (Fellenius, 1997). Instead, Fellenius has over the 
years developed a new unified design scheme which was summarized in three steps 
(Fellenius, 1997; Fellenius, 1999):  
1. Allowable load (dead load plus live load) is equal to the pile capacity, Qu, 
divide by the factor of safety. 
2. The load – dead load plus dragload – at the neutral point must be smaller than 
the axial structural strength of the pile divided by a factor of safety (or by a 
similar approach to the allowable structural load). 
3. The settlement calculated at the pile toe level or at the neutral point must be 
smaller than the maximum tolerable value. 
The above approach proposed by Fellenius mainly focuses on the concept that 
“transient live loads and dragloads are not additive” (Fellenius, 1988). Thus 
differentiation must be made between dead load and transient live loads when 
considering the allowable load acting on the pile head. The rationale backing such 
concept that transient live loads and dragload do not combine lies in the observation 
that very small displacement can reverse the direction of skin friction between the pile 
and soil, as has been elaborated in Section 2.2.2. Thus Fellenius postulated that when 
the pile is loaded with transient live loads, the compression and settlement of the pile 
will reverse the “negative” skin friction to “positive” skin friction and thus cancel out 
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the negative skin friction on the pile. The consequence is that the transient live loads 
and any lock-in dragload at the neutral point never act on the pile simultaneously.  
Fellenius’s above concept may be mainly inspired by his field test on NSF as has 
been briefly introduced before. Fig. 2.2 can be re-visited herein with the new 
perspective. It can be seen that at 495 days after the installation of the test pile, a 
maximum dragload of about 580 kN was observed to develop on the pile. This was due 
to the dissipation of excess pore pressure generated by pile driving as well as small 
regional subsidence. When a 440 kN load was applied at the pile head, it was observed 
that the NSF in the upper two-thirds of the pile was eliminated. The maximum load on 
the pile at the neutral point remained essentially unchanged, with a very marginal 
increase of less then 5 kN. With the applied load remained at the pile head and became 
a permanent load, NSF was observed to build up again along the pile shaft due to the 
small regional subsidence. On the 859th day after pile driving, or 364 days after the 1st 
application of the 440 kN load, an additional 460 kN of load was added to the pile 
head. Once again, the additional applied load was mainly resisted by the positive skin 
friction “inverted” from the NSF along the upper two-thirds of the pile shaft, with less 
than 5 kN of additional load transferred to the neutral point. Thus, the live load and the 
lock-in dragload never contribute collectively to the maximum load at the neutral point.  
Bozozuk (1981) was supportive of the above concept. He likened a pile preloaded 
by NSF in a consolidating soil to a pre-stressed beam such that “the lock-in negative 
skin friction can be considered as stored energy that can support transient or short-term 
live loads”. He illustrated that when the applied load Pp was less than 2 times of the 
lock-in dragload PN (see Fig. 2.6), the applied load would reverse the NSF to positive 
skin friction to support the applied load, with minimal transfer of the applied load to 
the neutral point. He tried to support such postulation by a field observation of a 49-m 
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long steel pipe pile installed through a 9-m high embankment, an 18-m deep deposit of 
compressible soft clay, and embedded 22 m into the underlying silty clay, as shown in 
Fig. 2.7. When an applied load with a magnitude less than the lock-in dragload of 1.52 
MN was applied onto the pile head, minor pile head settlement as well as negligible 
load increment at the neutral point was observed, as shown in Fig. 2.7. However, when 
a load of 2.82 MN, which is slightly less than 2 times the lock-in dragload was applied 
to the pile head, the pile was observed to experience plunging failure. It should be 
pointed out that this last observation is quite puzzling since minimal load has been 
transferred to the neutral point as shown by Fig. 2.7, such that the pile shaft below the 
neutral point is not experiencing substantial increment of loads. The consequence is 
that the pile shaft embedded in the underlying silt clay should not experience 
significant pile settlement. This is contrary to the observation of pile punching failure 
as reported. The only plausible reason may be that the pile shaft below the neutral 
point has been in limit equilibrium under the pure loading of the dragload, which is 
unusual. 
The concept that transient live loads and dragload never occur simultaneously on 
the pile appears very attractive, since it implies that only dead load plus dragload need 
to be considered when designing the pile axial structural capacity. The additional 
settlement due to live loads should also be minor since the pile shaft below the neutral 
point will not experience substantial load increment upon application of transient live 
loads. Such concept has been adopted by some foundation design codes such as the 
“Civil Design Criteria for Road and Rail Transit System” by Land Transport Authority 
of Singapore (2002) and the “Canadian Foundation Engineering Manual” (1992). The 
Geotechnical Engineering Office of Hong Kong also tentatively adopts this concept in 
its design code, “Pile Design and Construction” (2006), but adds that “cautions need to 
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be exercised in the case of short stubby piles founded on rock where the elastic 
compression may be insufficient to fully relieve the negative skin friction”. It 
recommends that “in general, the customary local assumption of designing for the load 
combination of dead load + full live load + negative skin friction is on the conservative 
side”. 
However, it should be noted that the above concept was only supported by very 
limited field test cases and its universal applicability has actually never been tested. 
There have been some test data which suggested otherwise. For example, Leung et al. 
(2004) observed from centrifuge model tests that it required about 3 times the 
maximum lock-in dragload of applied load to completely cancel out the NSF, and 
substantial percentage of the applied load was observed to transfer to the NP, adding to 
the maximum load on the pile, as shown in Fig. 2.8. Evidently more studies need to be 
conducted to verify the applicability of Fellenius’s above postulation to avoid the 
danger of over-generalization of what was observed from limited field tests. 
2.4   NEGATIVE SKIN FRICTION ON PILE GROUPS 
The pile group effect of NSF has long been recognized. However, it has been 
generally felt that compared to single piles, there is a glaring dearth of field test data of 
NSF on pile groups, probably due to the prohibitive cost incurred in such nature of 
large scale field tests (Briaud et al. 1991; Teh and Wong, 1995; Ergun and Sonmez, 
1995; Lee, 2002). Although some numerical methods for predicting NSF on pile 
groups have been proposed over the years, they were not sufficiently verified due to 
scanty test data available. After scouting through the literature, some limited test data 
of previous studies on NSF on pile groups are briefly presented herein. 
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2.4.1 Field Tests on Pile Groups Subject to NSF 
Okabe (1977) briefly reported a long-term field monitoring on the downdrag forces 
developed in a large pile group consisting of 38 piles. The diameter of the driven piles 
was 0.7 m and installed at a center-to-center spacing of 2.2 times the pile diameter. 
The test results indicated that while significant negative skin friction developed on the 
perimeter piles, the observed dragloads on the interior piles were almost negligible.  
Keenan and Bozozuk (1985) observed the development of downdrag loads on a 
group of 3 piles spaced at 4 pile diameters for 6.5 years. The 32 m long, 324-mm 
diameter steel pipe piles were driven through a granular test embankment into a deep 
deposit of compressible clayey silt. No group effect was observed for the piles within 
the 3-pile group. 
Little (1993, 1994) reported a full-scale test on 2 free-headed pile group on a 
national soft clay test site in UK. The site was underlain by a deposit of soft to firm, 
normally consolidated estuarine clay with an average thickness of 15 m. The piles used 
were steel tubular piles with a nominal outside diameter of 406 mm. Each pile group 
consisted of 9 free-headed piles installed in a 3 by 3 square configuration with center-
to-center spacing of 4 times the pile diameter. One pile group (referred to as “friction 
pile group” located at region Y) was driven to set approximately 1 m above the 
underlying dense gravel layer, while the other pile group (referred to as “end-bearing 
pile group” located at region Z) was driven to set into the gravel layer. The NSF was 
induced by a surcharge of 2.5 m high embankment constructed on the ground surface. 
For each pile group, the center pile, a corner pile as well as an edge pile was 
instrumented to measure the NSF developed along the pile shafts. Fig. 2.9 shows the 
development of NSF on the 3 instrumented piles in the “friction pile group” at region 
Y. It was observed that about 50% of the maximum dragload developed under a 
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largely undrained state immediately following the construction of the 2.5 m 
embankment which took merely 5 days to complete. The corner pile developed the 
maximum dragload and was about 1.3 times that of the edge pile. The dragload 
developed on the center pile lies in-between those of the corner pile and the edge pile. 
This is unexpected as it is generally believed that, being shielded by the perimeter piles, 
the center pile should experience the least effects of NSF. Fig. 2.10 shows the 
development of NSF for the “end-bearing pile group” at region Z. The position of the 
NP was not located nearer to the pile toe as might have been anticipated. This may be 
attributed to the insufficient penetration of the piles into the gravel layer. Contrary to 
what was observed for the pile group at region Y, the center pile in this case 
demonstrated the least dragload while the dragload developed at the edge pile and the 
corner pile was roughly the same.   
2.4.2 Laboratory Small-scale Tests on Pile Groups Subject to NSF 
Koerner and Mukhopadhyay (1972) conducted a 1g laboratory study on pile 
groups subject to NSF. Nine instrumented model piles, each with a diameter of 1 inch 
(or 25.4 mm) were placed in a 3 by 3 configuration and fixed to a single steel plate at 
their tops. The ratio of pile center-to-center spacing over diameter (S/d) was varied 
from 1.0, 1.5, 2.0, 3.0, to 5.0. The NSF was induced by applying surface load on a 
slightly organic clayey silt of medium plasticity. It was found that for S/d less than 2.5, 
the NSF decreased rapidly. For S/d more than 5, group effect on NSF was observed to 
be negligible. It should be noted that due to the inability of replicating the correct 
stress levels in the prototype scale, the results from such 1g model test may not be 
extrapolated to prototype scale reliably. Also, the pile group was fixed at the top and 
dragged down by the NSF developed on the pile shaft, which may not be simulating 
the actual pile cap conditions in the field. 
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Shibata et al. (1982) conducted a series of 1g tests to study the development of 
NSF in free-headed pile groups. The model piles used were steel pipes with an outer 
diameter of 60 mm and a wall thickness of 1.2 mm. The piles were installed in a 3 by 3 
square configuration at a centre-to-centre spacing of 2.5 times the pile diameter. The 
piles were installed through 700 mm thick kaolin clay and rested on the base of 
container. NSF was induced by applying an air pressure of 20 kPa on a vinyl sheet 
placed on the model ground surface. It was found that the magnitude of downdrag 
force in an individual pile within the group differs considerably, as shown in Fig. 2.11. 
The center pile experienced the least dragload while the corner piles experienced the 
maximum dragload, which was smaller than the corresponding downdrag force of a 
single pile under the same consolidation pressure. 
Ergun and Sonmez (1995) conducted 1g laboratory tests on end-bearing wooden 
model pile groups (each wooden model pile featured 30 mm by 30 mm square section) 
installed through 500 mm of medium to dense sand and 170 mm thick soft clay. The 
top of the soil was loaded by 150 kPa of air pressure applied on a rubber membrane. 
NSF was not measured directly. Instead, settlement of the sand surface was measured 
within and outside the pile group. It was observed that the difference between the 
outside and inside soil settlements increased with decreasing pile spacing, indicating 
increasing group effects in NSF. The group effect begins to decrease beyond 3B 
spacing (B was the pile dimension) and was negligible at 5B to 6B spacing. 
2.4.3 Centrifuge Model Tests on Pile Groups Subject to NSF 
More recently, some researchers started to utilize the powerful and versatile 
Geotechnical Centrifuge model tests to study the problem of NSF on piles, especially 
pile groups. Tomas (1998) carried out downdrag tests on 4-pile, 9-pile and 16-pile 
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groups in centrifuge by constructing an embankment in-flight around the piles in two 
lifts. It was noted that the model pile group were jacked into the soil in-flight but the 
centrifuge was stopped subsequently to mount the sand hoppers to produce surcharge 
loading in that study. The centrifuge was then spun back to 100g to re-consolidate the 
sample and later the surcharge loading was applied. For the 4-pile group with center-
to-center spacing of 3.5 times the pile diameter, no group effects was observed and the 
magnitude of downdrag forces in each individual piles within the pile group was found 
to be comparable to that obtained from single isolated piles. For the 9-pile and 16-pile 
groups, the inner pile was observed to develop unexpectedly large downdrag force 
comparable to that of a single pile and thus group effects was again not observed. 
Tomas attributed this zero group effect to the possibility of development of full slip 
along the pile length, but acknowledged that the probability of a bending effect on the 
inner pile could not be discounted. He suggested that at a pile spacing of 3.5 times the 
pile diameter, pile group effect may not exist under a large soil settlement. It should be 
noted that quarter-bridge strain gauge configurations had been used in the 
instrumentation of the model piles used in Tomas’s centrifuge model study, and the 
great susceptibility of such configuration to thermal effects was not taken into account 
when analyzing the test data. 
Lee (2001) also attempted to study the pile group effect of NSF using centrifuge 
modeling technology. However, great difficulty was encountered in the 
instrumentation of the model piles with full-bridge strain gauge circuit. Instead, only 2 
active gauges were instrumented at each level inside the model piles while 2 passive 
gauges were installed in a dummy box outside the model piles. As such, it was found 
that there was a strong thermal effect in the pile instrumentation system which posed 
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great difficulties in the interpretation of the test results. No conclusive results on pile 
group effects on NSF were effectively obtained from the centrifuge model tests. 
Lee et al. (2002) studied the negative skin friction mobilized on single piles and 
pile groups in centrifuge due to settlement induced by the self-weight consolidation 
and lowering of groundwater. 2-pile, 4-pile and 5-pile groups with center-to-center 
spacing varying from 2 to 6 times the pile diameter were conducted. It was found that 
the mobilization of NSF decreases with decrease of pile spacing and numbers of piles. 
The inner pile developed a smaller NSF than the outer piles. However, it would 
develop the same amount of NSF as an isolated pile if pile spacing was larger than 6 
times of pile diameter. It was found that evaluation of NSF on grouped piles using the 
concept of effective pile number proposed by Shibata et al. (1982) matched the test 
results well. 
Chan et al. (2003) conducted centrifuge model tests to study the behavior of single 
piles “floating” in clay and subjected to NSF caused by self-weight consolidation. 
Significant downdrag settlement of about 300 mm was observed for the model pile 
which posed severe serviceability problem. The model test was subsequently extended 
to “floating” pile groups consisted of 3×3 piles with 2.5d and 3.0d spacing (d is the 
pile diameter) to study the shielding effects of perimeter piles on the inner pile (Ng et 
al., 2005). It was observed that the measured maximum dragload of the center pile in 
the group at 2.5d and 3.0d spacing was only 53% and 75% of the measured maximum 
dragload of an unprotected single pile, respectively, and the measured downdrag 
settlement of the center pile was reduced to about 57% and 80% of the single pile. The 
test data was further substantiated by 3D back-analysis using ABACUS with the clay 
modeled by modified Cam-clay model with elasto-plastic slip considered at the pile-
soil interface. 
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In summary of the above literature review on pile groups subject to NSF, it can be 
seen that the understanding of group effects of NSF is far from conclusive. For 
example, the limit pile spacing beyond which no group effects exists was reported to 
vary from 2.5d (Koerner and Mukhopadhyay, 1972) to 3.5d (Tomas, 1998) to 6d (Lee, 
2002). Some test results indicated that the inner pile experienced negligible NSF 
(Okabe, 1977) while some test results showed that the downdrag force developed on 
the inner pile can be larger than that developed on the corner pile (Little, 1994), or is 
comparable to a single pile (Tomas, 1998). On the other hand, difficulties in the 
instrumentation of model piles have hampered fruitful test results to be obtained when 
using the centrifuge modeling technique to study NSF on pile groups (Tomas, 1998; 
Lee, 2001). Although some sensible test data had been obtained by some researchers in 
their centrifuge model tests (Lee et al. 2002; Chan, et al. 2003; Ng et al. 2005), it was 
noted that the model piles were invariably installed at 1-g condition and was 
subsequently spun up to high-g for these model tests, posing a question of the correct 
modeling of stress condition around the piles. Obviously, the effects of NSF on pile 
groups involved complex pile-soil-pile interactions and further research work is highly 
desirable in this area. 
2.5   NUMERICAL STUDY OF NSF ON PILES 
As an early work in this area, Salas and Belzunce (1965) presented theoretical 
solutions based on Elastic theory which assumes that the soil behavior can be 
characterized by a Boussinesq half-space. The effect of pile compressibility was not 
taken into account in the approach. 
The analyses presented by Poulos and Mattes (1969), Poulos and Davis (1972, 
1975), Kuwabara and Poulos (1989) could be classified under the simplified boundary 
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element approach. In this technique, the pile is discretized into small segments using 
the finite element method or finite difference technique while treating the soil as an 
elastic continuum which is only discretized at the pile-soil interface. The load-
displacement relationship of the system is formulated by considering the equilibrium 
of the pile-soil interaction forces and the compatibility of the pile and soil 
displacements. The continuum approach adopted by Poulos and his co-workers is 
restricted to end-bearing piles based on “mirror-image” technique using the Mindlin’s 
equation (Mindlin, 1936). The role of this “mirror-image” technique is to enforce zero 
vertical displacement at the pile base thus satisfying the boundary condition of a rigid 
bearing stratum since Mindlin’s solution is only strictly valid for a homogeneous, 
isotropic elastic half-space. Similar imaging technique to enforce zero pile toe 
settlement was adopted by Teh and Wong (1995) in their proposed simplified elastic 
interaction procedure for the analysis of the variations of downdrag forces in pile 
groups. The governing equations which take into account pile-soil slip are derived 
explicitly. It was demonstrated that the number of iterations required to achieve a 
solution is small and is not dependent on the magnitude of the soil settlement. Hence, 
the approach can be more economical than the various incremental methods. 
Ng et al. (1976) used the solutions of Chan et al. (1974) for a point force in a two-
layer system to consider the compressibility influence of underlying layer on piles 
subjected to negative skin friction but the pile was terminated at the interface of the 
two layers in the study. In the analysis proposed by Lee et al. (1985) and Kog et al. 
(1986), a single pile was considered to penetrate into the bearing layer, which extended 
the work of Ng et al. (1976). Chow et al. (1990) proposed a numerical procedure for 
the downdrag analysis of group piles which penetrate a consolidating upper soil layer 
and socket into a firm bearing stratum of finite stiffness. It was found that the pile-soil-
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pile interaction has a beneficial effect of reducing the downdrag forces and settlements 
of the group piles when compared to the corresponding single pile values, provided 
that the soil settlements are not so large as to cause full slippage at the interface in all 
the piles. Lee (1993) described a simplified load-transfer approach for analyzing the 
response of pile groups under negative skin friction. The interaction between piles 
bearing on a stiffer stratum was determined from a modified form of Mindlin’s 
solution for a vertical point load in a homogeneous, isotropic elastic half-space by 
employing the Steinbrenner’s approximation.   
More recently, other numerical approaches to analyze NSF on piles have been 
proposed. These numerical approaches differ from each other mainly in the way the 
soil was modeled. For example, Lim et al. (1993) presented a simple discrete element 
approach using subgrade reaction method to analyze NSF on single piles. Wong and 
Teh (1995) presented a simplified numerical procedure for the analysis of negative 
skin friction on piles in a stratified soil deposit. The pile-soil interface behavior is 
modelled by hyperbolic soil springs in a manner similar to the load transfer method. A 
framework for determining the hyperbolic parameters from conventional soil tests was 
established to enable a rational analysis to be carried out using the proposed numerical 
method. Chow et al. (1996) presented a simplified method for the analysis of socketed 
pile group subject to NSF. The soil behaviour is modeled using a hybrid approach in 
which the soil response at the individual piles is modeled using the subgrade reaction 
method while pile-soil-pile interaction is determined using elastic theory.  
NSF on piles, especially on pile groups is practically three-dimensional in nature. 
Some researchers have recently utilized 3D finite element method (FEM) to analyze 
the problem. For example, Indraratna and Balasubramaniam (1993) used finite element 
code CRISP to obtain predictions on the basis of purely undrained model and Biot-
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coupled consolidation model. The modified Cam-clay model was used to represent the 
consolidation behavior of the soft clay. The behavior at the soil-pile boundary was 
investigated by employing a finite thickness solid element with different material 
properties. In the analysis, a limiting relative displacement of 3 mm was considered as 
sufficient for the mobilization of the maximum skin friction. It was found that the 
shear stress distribution acting along the pile shat was directly dictated by the behavior 
of the thin layer elements used for modeling the soil-pile interface. Jeong and Kim 
(1998) used ABAQUS to analyze the group effect which causes different downdrag 
distribution in individual pile within the group. Major parameters such as group 
spacing, the total number of piles, and the relative position of piles within the group 
were studied. However, the behavior of slip at the pile-soil interface was neglected in 
the analysis. Lee et al. (2002) conducted 3D numerical analysis of NSF on piles using 
ABAQUS. The soil slip at the pile-soil interface has been found to be the most 
important factor in governing the development of dragload and the resulting group 
effect. The group effect depends not only on the configuration of the pile group, but 
also on soil slip along the pile-soil interface, governed mainly by their interface 
friction coefficient and the soil settlement. The same numerical approach using 
ABAQUS was also used to analyze the development of downdrag settlement of piles 
constructed in consolidating soil (Lee and Ng, 2004). It was again demonstrated that 
the downdrag settlement computed from the no-slip elastic analysis was about 8-14 
time larger than that computed from the elasto-plastic slip analysis. It was found that 
relative reduction in downdrag settlement is more sensitive to the total number of piles 
than to the pile spacing within a pile group. Comodromos and Bareka (2005) used 
FLAC3D, a 3D geotechnical software using finite difference method, to study the 
effects of construction sequence on the development of NSF on pile groups. It was 
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demonstrated that for fixed-head friction pile groups the dragload group effect is 
significantly greater than in the case of free-head end-bearing pile groups. It has also 
been demonstrated that when the construction of an embankment precedes the 
application of the foundation working load, the effect of negative skin friction is 
considerably smaller than in the reverse case. 
2.6    CONCLUDING REMARKS 
Knowledge of NSF on piles and pile groups has been accumulated since 1920s, 
especially during the past few decades. However, the complex mechanism of NSF on 
piles is still far from thorough and the design of pile foundation subject to NSF is still 
by and large based on empiricism. NSF on piles is not simply an applied load like the 
dead load or live loads from the superstructure. It involves a complex pile-soil 
interaction and is a function of the relative pile-soil displacement.   
Contrasting postulations have been presented by different researchers on various 
important issues. For example, while some researchers were exploiting the possibility 
of not considering the NSF even if there exists deep deposit of soft clay, other 
researchers postulated that NSF is inevitable for piles installed through soft clay due to 
soil re-consolidation after pile driving, coupled with any minimal soil settlement, 
would be sufficient to mobilize significant NSF on the pile. Fellenius (1984) even 
argued that NSF is ubiquitous to all piles regardless of existence or absence of soft 
clay. Also, contrasting field observations and postulations exist among different 
researchers to such important issues such as the magnitude of soil movement relative 
to the pile for the full mobilization of NSF on piles, the evaluation of the magnitude of 
NSF and the position of NP, the effects of dead load and transient live loads on the 
NSF, to name only a few. It is noted that all these contrasting observations and 
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postulations were put forward based on limited field data. For a field testing of NSF on 
piles, instrument readings are very susceptible to shifting from true values due to 
variation of temperature and ambient conditions over the long duration of time (in 
terms of a couple of years) for the soft soils to consolidate and the NSF to develop and 
be recorded. The great cost and tedious procedures involved in field tests prohibit 
repeated tests to be conducted for verification purposes.   
The cost of field testing on pile groups subjected to NSF is even more prohibitive, 
which explains the glaring dearth of such data in the literature. Recently, some 
researchers attempted to utilize the versatile geotechnical centrifuge modeling 
technique to study the problem of NSF on piles. Although moderate success has been 
achieved in these studies, some obvious drawbacks have been noted as follows: 
(1) In most of the model simulations, the model piles were invariably installed at 
1g condition in the model setup and were subsequent spun up to high-g for testing, 
posing a concern on the correct modeling of stress condition around the piles. 
Preferably, the model piles should be installed in-flight for the correct simulation of 
the stress conditions around the pile before the development of NSF.  
(2) Difficulties in the instrumentation of model piles for the measurement of axial 
loads have hampered fruitful test results to be obtained when using the centrifuge 
modeling technology to study the group effect of NSF, and in some cases, even leads 
to very contradicting observations. More elaborate instrumentation of model piles is 
highly desirable for good test data to be obtained with high quality.  
(3) Most centrifuge model tests conducted so far involved only a single cause out 
of the 3 typical causes responsible for the development of NSF on piles as listed in 
Section 1.1. However, piles in reality may be subjected to NSF induced by multiple 
causes after the installation and subsequently experiences simultaneous dead loads and 
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transient live loads. The behavior of piles under such combined loadings deserves in-
depth study in a rational manner. 
With the ever-increasing capacity and easy availability of powerful computers and 
commercial three-dimensional geotechnical software, numerical study of NSF on piles 
have been evolved from the many simplified approaches developed in the 80s and 90s 
to the most recent use of 3-D FEM simulations. The latter approach caters for the 
highly three dimensional nature of pile groups subjected to NSF with soils simulated 
by more advanced constitutive models to take into account the soil elasto-plastic 
behavior as well as the slip properties at the pile-soil interface. However, in view of 
striking dearth of test data on pile groups with good quality, the verification of such 
more sophisticated numerical simulation is not proportionate. The present study 
involves elaborated physical modeling of NSF on single piles and pile groups using 
geotechnical centrifuge technology and is supplemented further by numerical 
simulations using axisymmetric and 3D FEM after being calibrated by the test data of 
the model tests. It was mainly inspired by the above literature review and contrived to 
shed lights on a better understanding of the behavior of single piles and pile groups 
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Fig 2.1   Illustration of negative skin friction on a pile 
              (a) The problem; (b) Load transfer along the pile; (c) Settlement profile of soil and pile 
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 Fig 2.2  Axial load distributions after pile driving (After Fellenius, 1972) 

































Fig 2.3  Summary of negative friction data in dimensionless form (After Walker and Darval, 1970) 
 

































































































































Fig 2.4  Fellenius’s proposal for construction of neutral point (After Fellenius, 1988) 
Load curve 
Resistance curve 
Fig 2.5  Skin friction distribution along a pile (After Poulos, 1997) 




















































Fig 2.6  Illustration of load distribution in a pile pre-stressed by downdrag laod  
             (After Bozozuk, 1981) 
Fig 2.7  Load distribution in test pile (After Bozozuk, 1981) 
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Fig 2.8  Effects of applied load on lock-in NSF along pile shaft 
(After Leung et al., 2004) 




















































Fig 2.9  Axial force versus depth for “friction pile group” (After Little, 1994) 




















































Fig 2.10  Axial force versus depth for “end-bearing pile group” (After Little, 1994) 



























Fig 2.11  Increase of downdrag force with time (After Shibata et al., 1982) 











3.1   INTRODUCTION 
The behavior of soil is a function of stress level and stress history, which makes it 
almost impossible for a reduced-scale geotechnical model tested under 1g condition to 
simulate the behavior of a prototype problem. However, by subjecting the N times 
scaled-down model to an enhanced N-times gravitational level (namely N-g), 
prototype stresses can be replicated at homologous points throughout the test model. 
The test results thus obtained can be extrapolated to interpret the prototype behavior. 
The scaling relations between small-scale model and full-scale prototype can be 
derived either by dimensional analysis or from consideration of the governing 
differential equations (see for example Schofield, 1980). The most frequently-used 
scaling relation of centrifuge modeling has been listed in Table 3.1. In particular, for 
problems involving soil consolidation as in the present NSF problem, a time scaling 
factor of 1/N2 (model time/prototype time) should be used. This poses a great 
advantage in that a consolidation period of say 7 years as reported by Bjerin (1977) in 
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the field test of NSF on two single piles can be achieved in the centrifuge within 10 
hours running at 80g. This not only provides great efficiency in the study, but also 
greatly minimizes the potential drift of signals over extremely long period of time in a 
full-scale test. What is more, the soil stress condition, stress history, as well as the 
boundary conditions can be well defined in a centrifuge model. The test sequence, 
including the application of surcharge loading, application of dead load and transient 
live loads, can be conducted in a well-controlled manner. Parametric studies with 
varying pile and soil conditions can be carried out with much ease and reduced cost. 
All these advantages are incomparable for the full-scale tests and make the centrifuge 
model study of NSF on piles and pile groups extremely appealing. 
 
Table 3.1 Centrifuge scaling relationship (adapted from Leung et al., 1991) 
Parameters Prototype Centrifuge model at Ng 
Linear dimension 1 1/N 
Area 1 1/N2 
Volume 1 1/N3 
Density 1 1 
Mass 1 1/N3 
Acceleration 1 N 
Velocity 1 1 
Displacement 1 1/N 
Strain 1 1 
Energy density 1 1 
Energy 1 1/N3 
Stress 1 1 
Force 1 1/N2 
Flexural rigidity 1 1/N4 
Axial rigidity 1 1/N2 
Bending moment 1 1/N3 
Time (Viscous flow) 1 1 
Time (dynamics) 1 1/N 
Time (diffusion) 1 1/N2 
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All the centrifuge experiments in the present study were carried out in the NUS 
Geotechnical Centrifuge. This 2-m radius centrifuge has a payload capacity of 40 g-ton 
and can spin up to a maximum acceleration of 200g. The maximum height of a model 
package is 1180 mm and the working area of the swing platform is 750 mm × 700 mm. 
There are a total of 100 tracks of silver-graphite electrical slip rings available for 
transmitting power and signals between the centrifuge and the control room. There is 
also a twin-passage Deublin hydraulic union with a nominal operating pressure of 
1000 psi (approximately 70 bars) for delivering hydraulic pressure to the test model for 
relevant hydraulic servo-controls. More information about the NUS Geotechnical 
Centrifuge can be found in Lee et al. (1991) and Lee (1992). 
3.2   MODEL SETUP 
 A schematic diagram of the model setup for the present study is shown in Fig 3.1. 
Fig. 3.2 shows a photograph of a completed model package mounted on the centrifuge 
platform ready for spinning up to high g for test. Various components of the model 
setup are elaborated below in detail. 
3.2.1  Soil Container 
The soil container used in the present study is a stainless steel box with an 
internal dimension of 420 mm × 420 mm × 480 mm (L × W × H).  It is bolted together 
by three plates, namely a “U” shape base-cum-end plate, a steel back plate and a 
perspex front plate. The transparent perspex front plate with a thickness of 60 mm 
makes the observation of the soil model possible by a front-view camera mounted in 
front of the model as shown in Fig. 3.2.  
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3.2.2 Supporting Frame, Slider Plate and Sand Hoppers 
Fig. 3.3 shows the top view of the sand hoppers, slider plate as well as the 
supporting frame mounted on top of the soil container. The supporting frame transfers 
the weight of all the components above it onto the platform through the sides of the 
soil container. The two sand hoppers sit on top of the supporting frame with a slider 
plate inserted inside a slot underneath the sand hoppers. The dimension of the holes in 
the sand hoppers is the same as that on the slider plate and the end of the slider plate is 
placed innermost to make the holes in the slider plate and the sand hoppers discordant 
along the vertical direction so as to retain the sand in the hoppers (Fig. 3.3(a)). When 
the slider plate is pulled outward by the horizontal hydraulic actuator fixed on the 
supporting frame, the holes in the slider and those in the sand hopper will be aligned 
vertically (Fig. 3.3(b)). The sand would fall into the strong box through the holes and 
apply surcharge onto the top of the model ground in the soil container. 
The sand would fall on the leeway side of the soil container due to the Coriolis 
effect when the centrifuge is spinning. In order to produce a uniform surcharge on the 
model ground surface, guiding flaps are provided beneath the loading frame (see Fig. 
3.1 and 3.3(b)) to direct the flow of sand when it is discharged from the sand hoppers 
so as to achieve a uniform surcharge on the model ground surface. The inclination of 
the guiding flaps was adjusted and finalized after multiple trial runs. 
3.2.3 Hydraulic Actuators and Servo-valve Control System 
Two hydraulic actuators are adopted in the present model setup. The horizontal 
actuator is used for controlling the application of in-flight sand surcharge. The vertical 
actuator is employed for in-flight pile installation as well as application of vertical 
loads at various stages during a model test.   
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Two independent hydraulic servo-valves are employed to control the horizontal 
and vertical actuators respectively. Since the centrifuge hydraulic union provides only 
one single outlet of hydraulic supply through the Deublin hydraulic union (see Fig. 
3.2), a flow divider is necessary to divide the hydraulic flow into 2 separate passages 
into the two hydraulic control systems. Fig. 3.4 shows a photograph of the hydraulic 
servo-valves system mounted onboard the centrifuge machine. 
An elaborated hydraulic servo-valve control system, as schematically shown in Fig. 
3.5, has been conceived and implemented to fulfill the complex hydraulic control for 
the present study. The closed-loop hydraulic servo-valve control system essentially 
consists of an electrical control circuit, which is stationed at the control room (see the 
left portion of Fig. 3.5), and a hydraulic control circuit, which is located within the 
centrifuge enclosure (see the right portion of Fig. 3.5). The vertical actuator can be 
operated either in displacement or load control mode, while the horizontal actuator 
works only in displacement control mode. For the control of the vertical actuator, two 
command signals, one meant for displacement control and the other for load control 
will be generated by control computer-1 in the form of voltage by means of a manual 
slider controller provided by the data acquisition and control software DAISYLAB and 
sent to a control mode switch. In the meantime, the feed back signals from a vertical 
potentiometer and load cell in the model setup inside the centrifuge enclosure are fed 
back through the slip rings to the control mode switch as well. When a displacement 
control mode is desired (for example during the in-flight pile installation stage when 
the penetration depth of pile has to be controlled), the displacement control signal and 
the vertical potentiometer feed-back signal will be fed into a servo-amplifier by the 
control mode switch. On the other hand, when a load control mode is required to apply 
a controlled amount of load to the model piles, the load control signal and the feed-
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back signal from load cell will be fed into the servo-amplifier by the control mode 
switch. The servo-amplifier will then generate an activating signal which is sent 
through the slip rings to the spool inside the vertical servo valve to regulate the 
hydraulic flow into or out of the vertical actuator so as to control its movement. Fig. 
3.6 shows the two servo-amplifiers and the control mode switch as well as the control 
computer-1 stationed in the control room. The load cell and the vertical potentiometer 
continuously monitor the position of the model pile or the applied load and feed back 
to the servo amplifier in the control room to form a closed-loop circuit. Based on the 
discrepancy between the command and feedback signals, the servo amplifier 
continuously sends out correcting signals to the servo valve to make sure the values of 
command and feedback signals are identical. The working principle of the hydraulic 
servo-valve control system for the horizontal actuator is essentially the same as that of 
the vertical actuator. It is controlled independently during a test using another set of 
control computer-2, servo-valve amplifier-2 and the horizontal servo-valve, as 
illustrated in Figure 3.5. Only displacement control mode is used for the horizontal 
actuator during a model test. 
3.3   INSTRUMENTATION AND TRANSDUCERS 
3.3.1  Instrumented Model Piles 
Each model pile was fabricated from a hollow cylindrical aluminum tube with a 
length of 278 mm, an external diameter of 12 mm and a wall thickness of 1 mm.  
Aluminum is chosen as the model pile material as it can provide greater sensitivity 
than steel due to its lower modulus of elasticity. It also has a better thermal self-
compensation effect to reduce the error caused by temperature variation.  
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To accurately evaluate the mechanical properties of the aluminum tube used, a 
segment of the aluminum tube was instrumented with strain gauges and subjected to 
vertical loading as shown in Figure 3.7. The applied load was measured by a load cell 
and the induced strain in the tube was measured by 2 strain gauges installed on the 
surface of the tube. Fig. 3.8 shows the stress-strain relationship of the aluminum tube 
in two loading cycles. It can be seen that the response of the aluminum tube remained 
linearly elastic up to a stress level of about 150 MPa with a development of about 2100 
micro-strain. Upon unloading at stress level of 200 MPa and re-loading, the inclination 
of the curves are fairly consistent with an average modulus of elasticity of about 
7.1×104 MPa. The aluminum tube failed at an ultimate stress of about 220 MPa with 
the strain increased tremendously under a maintained applied ultimate load. 
The axial load distribution along the pile shaft is one of the most important data to 
be captured during a model test, upon which the development of NSF on the pile can 
be interpreted. Tomas (1998) used quarter-bridge circuit for the instrumentation of the 
model piles in his centrifuge model study on NSF. Lee (2001) encountered difficulties 
to instrument model piles with full-bridge strain gauge circuit. Instead, only 2 active 
strain gauges were placed at each measuring level inside the model pile while 2 
passive gauges were installed in a dummy box outside the pile. As such, it was found 
that there was a strong thermal effect in the pile instrumentation system which posed 
great difficulties in the interpretation of test results. 
For a Wheatstone full-bridge circuit of four strain gauges as schematically shown 
in Fig. 3.9, the output of the circuit can be approximately written as 
 e = 
4
E K (ε1 - ε2 + ε3 - ε4)    (3.1) 
where    e = signal output 
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E = excitation voltage 
  K = gauge factor 
  ε1, ε2, ε3, ε4 = strain in each of the 4 active gauges A1 to A4 
In order to enhance the reliability and sensitivity of the measurement of the axial 
force on model piles, two important measures were taken for the instrumentation of the 
model piles for the present study. Firstly, semi-conductor strain gauge type Kyowa 
KSP-2-120-E3 were opted instead of the ordinary general-purpose strain gauges for an 
greatly enhanced sensitivity of the instrumentation. The semi-conductor strain gauge 
adopted has a gauge length of 2 mm and a nominal resistance of 120 Ω resistance with 
a gauge factor, K, of about 120, which is approximately 60 times that of normal strain 
gauges which is typically 2. As shown in Eq. (3.1), the signal output from a strain 
gauge circuit is directly proportional to the gauge factor, K, of the strain gauge 
adopted. Such large gauge factor of the semi-conductor strain gauge greatly increases 
the sensitivity and signal/noise ratio of the instrumentation. Secondly, utmost efforts 
have been spared for the instrumentation of model piles with a full-bridge strain gauge 
circuit at each measuring level along the model pile shaft so as to maximize signal 
outputs as well as minimize the drifting of signals due to thermal effects. As shown in 
Fig. 3.9, for each strain gauge station at one elevation along the pile shaft, four strain 
gauges are bonded onto the external surface of the aluminum tube to form a full-bridge 
configuration. Gauge A1 and A3 are placed in the longitudinal direction to measure the 
axial strain, while gauge A2 and A4 are mounted in the transverse direction to measure 
the lateral strain. Inspection of Eq. (3.1) readily reveals that such configuration gives 
signal output 2(1+ν) times larger than that of a quarter-bridge bridge configuration (ν 
is the Poisson ratio of aluminum tube used). It has a added advantage of canceling out 
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any thermal effects and unexpected bending effects during axial loading, as can be 
deduced from Eq. (3.1). 
A total of 5 instrumented model piles have been fabricated for the present study. 
For each instrumented model pile, a hollow aluminum pipe of 278 mm length was first 
fitted with a threaded brass connector at the top and a brass conical tip at the toe. A 
total of 9 levels of full-bridge strain gauge circuits are installed at appropriate 
elevations along the pile shaft, as schematically shown in Fig. 3.10. Very fine sand 
paper is first used to gently roughen the aluminum pipe surface and acetone liquid is 
then used to clean the whole shaft to ensure a good bonding of the adhesives. Very fine 
marked lines parallel and perpendicular to the pile axis are also introduced to direct the 
positions of the strain gauges. The strain gauge (Kyowa KSP-2-120-E3) with adhesive 
on its bottom side is placed carefully onto the marked position, covered by a polythene 
sheet and then pressed by thumb pressure for a minimum of one minute. Terminals are 
then placed beneath the gauge leads to avoid short circuit due to the contact of the 
leads and the aluminum tube. A lacquer-coated copper wire of 0.2 mm diameter is then 
soldered at the end of the gauge terminal and connected to another gauge terminal 
mounted near the pile head where all the leads from the 4 strain gauges were connected 
to form a full-bridge circuit. A 2-mm thick epoxy is then coated externally to protect 
the strain gauges, which results in a model pile with an outer diameter of 16 mm. 
Finally, multiple-color insulating wires are used to connect the ends of the terminals 
near the pile head to the ends of 2 multi-pin connectors, which in turn can be readily 
coupled to the onboard TDS-303 strainmeter for strain measurement. The above 
operations must be conducted in a meticulous manner to ensure good workmanship 
and thus high quality of instrumentations. Fig. 3.11 shows the five completed 
instrumented model piles together with some dummy piles with the same dimension 
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but without any instrumentation. Calibration of all the instrumented model piles shows 
that the responses of the strain gauges are highly linear with typical calibration factor 
of about 82,500 με /kN.  
Each model pile has an outer diameter of 16 mm with an axial rigidity, EA, of 
about 2.38×103 kN. When tested at 80g in Centrifuge, it is equivalent to an prototype 
steel pipe pile with an outside diameter of 1.28 m, an wall thickness of 16 mm and an 
axial rigidity, EA, of about 1.53×107 kN. 
3.3.2  Transducers Used in Model Setup 
Interface SML-series load cells with nominal capacity of 500 lbs, 1000 lbs and 
Sensotec model 31 with nominal capacity of 2000 lbs are used for the measurement of 
axial loads. These load cells are chosen due to their miniature size with a height of less 
than 1 inch, which is an important consideration due to the restriction of the available 
head room of the model setup. These load cells possess nominal rated output of about 
2 mV/V working under maximum excitation of 10 voltages. They have excellent 
signal stability with nonlinearity of less than 0.05%FS. For each model test, the most 
appropriate capacity of load cell is chosen based on the number of piles used in the test 
to achieve the optimum measuring accuracy.  
A total of six Druck PDCR81 miniature pore pressure transducers (PPTs) are 
embedded in the model ground for the measurement of pore water pressure. Three 
different capacities of PPT with measuring range of 1, 3 and 7 bar are employed in the 
tests. The 1-bar PPT was installed at the bottom of the top sand layer to measure the 
variation of the water head during the water drawdown stage, while the other 5 PPTs 
are embedded along the depth of the clay. The nominal sensitivity for the 1, 3 and 7 
PPT is 9.8 mV/V/bar, 5.2 mV/V/bar and 2.4 mV/V/bar, respectively. All the PPTs 
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work with excitation of 5 voltages. With their tiny size, these PPTs could be embedded 
into the model clay easily without unfavorably affecting the homogeneity of the model 
ground. Before being placed inside the soil, the transducers must be de-aired by a 
vacuum pump for around 10 minutes to ensure that no air bubbles are trapped inside 
the porous stone which would otherwise affect the readings. 
A total of five Sakae potentiometers are used for the measurement of 
displacement. A 250-mm full stroke potentiometer is mounted on the loading frame to 
follow the movement of the vertical actuator so as to measure both the penetration 
depth of the model pile during pile installation stage and the settlement of the pile 
during loading stages. When the vertical actuator is disengaged from the model pile for 
unloading, the measurement of the model pile settlement will be taken over by 2 
miniature potentiometers with measuring range of 10 mm mounted on the pile head 
(refer to Fig. 3.1 and Fig. 3.12). A potentiometer with 100-mm stroke is used to 
provide the feedback signal for the servo system to control the movement of the slider 
plate for in-flight application of sand surcharge. The last potentiometer with 100-mm 
stroke is mounted on top of the model ground to measure the soil settlement during a 
model test. 
3.3.3  In-flight Piezocone  
It has been established that undrained shear strength of model clay must be 
measured when the centrifuge is in flight. When the centrifuge spins down, the sudden 
reduction of overburden stress on the clay will lead to the swelling and softening of the 
clay. Davies and Parry (1982) found that measured undrained shear strength of clay 
after centrifuge spin-down is about 50~60% lower than that measured in-flight. 
Horikishi and Randolph (1996) reported a strength drop of about 10% conducted at 1g 
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against that measured at 100g.  Recently, Leung et al. (2004) found that the soil shear 
strength measured at 1g is approximately 30% lower than that measured at 100g. The 
difference of shear strength measured in-flight and after centrifuge spin-down depends 
not only on the time lapse after centrifuge spin-down, but also on the permeability of 
the model soil. A higher permeability of the soil and a longer time lapse after the 
centrifuge spin-down will inevitably lead to higher discrepancy of the measured 
strength at 1g and at high-g. 
In the present study, the undrained shear strengths of the model clay before the pile 
installation as well as at the end of the model test were determined by in-flight 
piezocone penetration tests. The miniature piezocone shown in Fig. 3.13 features a 
stainless steel probe with a diameter of 10 mm and a tip angle of 60°. Tip resistance 
encountered during cone penetration is registered by a built-in miniature load cell 
within the cone shaft, whilst the pore pressure was sensed by a miniature pore pressure 
sensor built-in at the probe tip through 4 small openings. The sensitivity of the built-in 
load cell is rated at 0.0175 mV/V/kg while the sensitivity of the built-in PPT is 0.0787 
mV/V/Psi. Such piezocone test with simultaneous pore pressure measurement (CPTU) 
is more advantageous over normal cone penetrometer in that not only the tip resistance, 
but also the pore pressure are measured simultaneously during the cone penetration 
process (Robertson and Campanella, 1983). The measured pore pressure serves as a 
correction to the measured tip resistance to allow for the pore pressure, u, acting on the 
exposed surface behind the cone tip as follows (Almeida, et al, 1985; Kazuo and 
William, 1995): 
 
 )1(,, α−+= uqq measuredccorrectc                                           (3.2)                        
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where qc,measured is the measured tip resistance; qc,correct is the corrected tip resistance; 
and α is the net area ratio, As/Ac, of the piezocone as illustrated in Fig. 3.14. The 
corrected tip resistance is then used to calculate the undrained shear strength by the 
following equation similar to the bearing capacity formula: 
 
 0vkuc Ncq σ+=                                                            (3.3) 
 
where σv0 is the total overburden stress and Nk is an empirical cone factor, typical 
values of which are reported to vary between 10 ~ 20 (Jamiolkowski et al., 1985; 
Konrad and Law, 1987). 
Arunmongkol (2004) performed calibration of the present piezocone in a closed 
chamber by varying the applied water pressures from which a α factor of 0.51 was 
obtained. He also calibrated the results of the cone penetration test with the undrained 
shear strength obtained from 1g vane shear test on the same sample from which a cone 
factor of 11.8 was obtained for Nk. These two factors are used in the present derivation 
of undrained shear strength from in-flight piezocone tests. 
3.4   MODEL GROUND PREPARATION 
Malaysian kaolin clay is chosen for the present study due to its extensive usage in 
NUS Centre for Soft Ground Engineering (CSGE) with its properties well-tested and 
well-documented over the last decade (see for example Liao, 2001; Thanadol, 2002; 
and Goh, 2003). It has another added advantage of relatively high permeability which 
can reduce the consolidation time substantially. Some most relevant physical and 
mechanical properties of the Malaysian kaolin clay are tabulated in Table 3.2. For a 
typical model test in the present study, 27.5 kg of dry kaolin powder was remolded in a 
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soil mixing machine with simultaneous vacuuming to form a slurry with a water 
content of 2 times its liquid limit. Prior to pouring of slurry, a slender aluminum frame 
carrying 5 PPTs was put inside the container. Silica sand was then rained into the soil 
container to form a bearing layer of 62.5 mm at the base of the model container. The 
silica sand used is sub-angular medium sand with a mean grain size, d50, of 0.5 mm, 
and a specific gravity of soil particles, Gs, of 2.65. The maximum dry unit weight, γmax, 
and minimum dry unit weight, γmin, are 15.77 kN/m3 and  12.19 kN/m3, respectively. 
These correspond to the minimum void ratio (emin) and maximum void ratio (emax) of 
1.133 and 0.648, respectively. The calculated dry density of the 62.5-mm underlying 
sand layer thus formed is 15.10 kN/m3, which corresponds to a relatively density, Dr, 
of about 85%. The container walls were then coated with a layer of silicon grease to 
minimize wall friction. De-aired water is then introduced to the bottom of the sand 
layer through an opening hole at the base of the container to saturate the sand. The clay 
slurry was then transferred from the soil mixer to the soil container.  
 










Specific Gravity (GS) 2.60
Liquid Limit (WL) 79.8
Plastic Limit (WP) 35.1
Permeability at 100 kPa on NC Clay (2~3.2) × 10-8 m/sec
Effective friction angle (φ') 23~25°
Compression Index (Cc) 0.561~0.920
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The model container containing the clay slurry was then mounted onto the 
centrifuge platform and subject the slurry to an enhanced centrifugal acceleration of 
80g which causes the slurry to undergo consolidation under the enhanced self-weight. 
For the present study, typically more than 95% soil consolidation can be achieved 
within 6-hour centrifuge spinning at 80g, as indicated by the readings of five PPTs 
embedded inside the slurry at the end of the consolidation. The centrifuge was 
subsequently spun down, and 5.6 kg of quartz sand is laid on top of the clay layer to 
form a 25-mm top sand layer with a relative density of about 45%. It serves as the top 
drainage layer and is instrumental for the simulation of water drawdown in subsequent 
model testing, as will be elaborated later. 
It should be noted that in the case of simulating end-bearing single piles and pile 
groups, part of the underlying sand layer would be replaced by an acrylic plate with the 
same thickness of 62.5 mm as the underlying sand layer to simulate a rigid end-bearing 
condition. 
3.5   COMPLETED MODEL PACKAGE 
Following the formation of the model ground described above, the setup of the 
whole model package proceeds. The supporting frame with guiding plates beneath was 
installed on top of the soil container as shown in Figs. 3.1 and 3.2. Two sand hoppers 
were mounted on top of the loading frame with the sliding plate inserted in the slot 
beneath the hoppers. During trial runs, it was found that the aforementioned medium 
size sand with a d50 of 0.5 mm used for the underlying and top sand layers of the 
model ground tended to leak from the small gaps between the openings of sand 
hoppers and the sliding plate inserted in the slot beneath the hoppers. As such, another 
type of uniform quartz sand with a larger grain size, d50, of about 1.5 mm, was used as 
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the surcharge sand to be applied in-flight to the top of the model ground to exert the 
surcharge pressure. In a typical model test, 9 kg of sand was divided evenly and placed 
in the two sand hoppers. During a model test, the sand would be discharged into the 
model container to simulate surcharge loading. A potentiometer was installed on top of 
the clay surface at 150 mm from the center of the soil container for the measurement of 
soil settlement during a test. A single model pile or a model pile group with a pile cap 
was connected to a load cell which in turn was mounted to the piston of the vertical 
hydraulic actuator through a specially designed coupling connector as shown in Fig. 
3.12. The coupling connector has a vertical slot with a length of about 7.5 mm. The 
piston of the vertical actuator engages the lower flange of the vertical slot when 
pushing the model pile downward during pile installation or when applying 
compression loading on the model pile. When the piston is withdrawn half-way within 
the vertical slot, it disengages from the model pile for unloading. When the piston is 
withdrawn up further and engages the upper flange of the vertical slot, uplift load 
could be applied to the model piles. 
The two hydraulic servo-valve control systems are mounted onboard the centrifuge 
as shown in Fig. 3.4. All the sensors in the model package were connected to the 
junction box and sent via the electrical slip rings to the control room where they are 
connected to a group of NEC amplifiers with built-in low-pass filters to remove signal 
noises and captured by a data acquisition system at frequent intervals. The readings of 
the strain gauges from the model piles are captured by a strain meter (model TDS303) 
mounted onboard the centrifuge (see Fig. 3.4) and connected to a control computer in 
the control room via the RS232 port. 
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3.6   EXPEREIMENTAL PROCEDURE 
In the present study, an elaborate scheme has been conceived and executed in the 
centrifuge model tests on both single piles and pile groups so as to seamlessly 
incorporate all the three typical causes of NSF, as listed in Section 1.1, in each model 
test. Negative skin friction on a single pile or a pile group can be induced at various 
stages within each model test with the application of dead load as well as transient live 
loads at strategic stages. This contrasts greatly to previous studies whereby only one or 
two isolated causes were investigated in one test. By subjecting the piles to a series of 
downdrag loads, dead load and transient live loads, the behavior of a pile at various 
stages of experiment can be examined in a realistic and rational manner. The 
centrifuge model tests follow a typical test procedure, namely, clay consolidation after 
spun up to 80g, in-flight pile installation, soil re-consolidation after pile installation, 
ground water drawdown, application of dead load, application of surcharge on model 
ground, and finally, application of transient live loads. The three typical causes of NSF 
have been elaborately incorporated into each model test and all the above test stages 
were conducted in-flight without stopping the centrifuge for a realistic simulation of 
prototype behavior, as elaborated below. 
3.6.1  Soil Self-weight Consolidation at 80g 
The completed model package as described in Section 3.5 was mounted on the 
centrifuge platform and spun up to 80g. The model clay ground will then undergo 
further consolidation due to the enhanced self-weight of the clay and the top 25 mm 
sand layer. The final clay depth was 175 mm after more than 95% consolidation as 
illustrated in Fig. 3.1, representing a clay deposit of 14 m in prototype scale. 
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3.6.2   In-flight Pile Installation 
When the consolidation of clay completes, the model pile will be jacked into the 
model ground without stopping the centrifuge. The pile penetration speed is controlled 
at a constant rate of 2 mm/s. This is achieved by the displacement control mode of the 
hydraulic servo-valve control system, as explained in Section 3.2.3. The readings of 
the load cell, potentiometers, PPTs as well as the strain gauges are monitored 
continuously during the installation process. 
3.6.3 Soil Re-consolidation after Pile Installation 
When the model pile was installed in-flight until the pile tip reached its designated 
elevation, the vertical actuator was retracted back half-way within the vertical slot of 
the coupling connector to disengage the model pile. However, the self-weight of the 
pile cap, as well as the coupling connector will still exert certain loading on the pile 
head, and the pile is thus not totally unloaded upon the retreat of the vertical actuator. 
The dissipation of the excess pore pressure generated due to the remolding of the clay 
by the pile installation process will be monitored for about half an hour. The possible 
mobilization of NSF, reflected in the changes of strain gauge readings, along the pile 
shaft was captured at frequent intervals. 
3.6.4 Simulation of Ground Water Drawdown 
When the clay re-consolidation after pile installation was completed, a simulation 
of underground water drawdown proceeded. Initially, a conventional method was 
attempted to drain the water in the top sand layer out of the soil container by means of 
a solenoid valve welded on the back wall of the container as shown in Fig. 3.15. 
However, trial tests showed that a typical solenoid valve with 24 voltage working 
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excitation was not sufficient to overcome the enhanced self-weight of the valve 
plunger at 80g to open the valve when the plunger was in alignment with the high g 
direction, as schematically shown in Fig. 3.16(a). If the solenoid valve was re-oriented 
such that the plunger was perpendicular to the direction of the high g direction as 
shown in Fig. 3.16(b), it was found that the enhanced self-weight of the water could in 
certain cases seep through the solenoid valve and leak before the simulation of water 
drawdown commenced. In addition, the enhanced self-weight of the plunger will 
increase the friction between the underside of the plunger and the valve body which 
could prevent the valve from being opened when the working excitation voltage was 
sent to the valve. Other angle of orientation of the valve was tried as well but turned 
out to be not reliable. As such, the conventional solenoid valve scheme has to be 
abandoned and an improvised mechanical scheme was adopted and found to be 
reliable and effective. An opening with a diameter of 10 mm was drilled at the back 
wall of the soil container. The soffit of the opening is at the elevation of the top sand-
clay interface. As shown in Fig. 3.17(a), the solenoid valve has been removed. Instead, 
the outlet of the opening is connected by a hose which runs all the way to the front side 
of the container as shown in Fig. 3.17(b). The front end of the hose is fixed with a 
metal ring which sits on a slot of a piece of metal welded on the slider plate of the sand 
hoppers (see Fig. 3.17(b)). The elevation of the front end of the hose is higher than the 
elevation of the water inside the soil container, preventing the outflow of water from 
the container. An extension plate has been welded to the horizontal actuator and barely 
touches the metal ring of the hose (refer to Fig. 3.17(b)). Fig. 3.17(c) shows that in 
order to drawdown the ground water in the top sand layer, the horizontal actuator is 
pushed out using a displacement control mode and nudge the hose to slip out of the 
slot and drop to the base of the platform to drain the water out of the soil container, as 
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shown in Fig. 3.17(d). It should be noted that the primary function of the horizontal 
hydraulic actuator is for the control of the in-flight application of sand surcharge. The 
pushing out of the horizontal piston must be implemented in a carefully controlled 
manner such that it will not over-extend and pull out the slider plate to cause premature 
discharge of sand from the two sand hoppers.  
3.6.5 Application of Dead Load 
The ground water drawdown will cause an increase of effective stress in the model 
ground which leads to further consolidation and settlement of the ground. At the end of 
consolidation, the servo-valve control was switched to load control mode which 
actuated the vertical actuator to move downward to engage the lower flange of the 
coupling connector and apply compression load on the model pile to simulate the 
application of dead load. The effect of applied load on the lock-in NSF developed in 
the previous stages will be investigated in this stage. 
3.6.6 Surcharge Loading 
With the permanent dead load maintained at the pile head, the horizontal actuator 
will be moved out again using displacement control mode and fully pulls out the slider 
plate beneath the sand hoppers. The sand within the two sand hoppers would be 
discharged onto the surface of the model ground inside the soil container once the 
holes in the slider plate and those in the sand hoppers are aligned vertically. The 
guiding plates welded beneath the supporting frame will direct the flow of the 
discharged sand to apply a uniform surcharge on the surface of the model ground with 
a loading intensity of about 40 kPa. A couple of hours in model scale was allowed for 
the dissipation of the excess pore pressure generated by the surcharge and the further 
accumulation of NSF along the pile shaft after surcharge loading. 
Chapter 3− Experimental setup and procedure 
 78
3.6.7 Simulation of Transient Live Loads 
After the excess pore pressure generated by the surcharge fully dissipated, a 
loading process simulating transient live loads was applied on the pile head. This is 
achieved using load control mode whereby the command signal was increased to a 
designated level causing the vertical actuator to press the load cell installed in-between 
the actuator and the model pile cap to increase the loading until the output from the 
load cell matches the designated command level. The designated load was maintained 
for a period of about 2 to 3 days in prototype scale, and then unloaded such that the 
load at the pile head reverts to the permanent dead load prior to the application of the 
live load. Such procedure was repeated for several cycles with the designated 
magnitude of the live load increases gradually in each succeeding cycle to test its 
effects on the lock-in NSF mobilized during the previous stages. 
3.6.8 Post-flight Tests 
Vane shear tests were performed immediately after stopping the centrifuge using a 
miniature vane shear apparatus as shown in Fig. 3.18. Soil samples were also obtained 
by pushing a 40-mm diameter sampling tube into the model ground to retrieve clay 
samples. The clay was then extruded from the sampling tube and cut into segments 
with a thickness of 10~15 mm for the determination of final water content, void ratio 
and bulk unit weight with depth. 
 
 


































































































Fig 3.2   A completed model package mounted on 
Centrifuge platform ready to spin up 





























Fig 3.3  Top view of supporting frame, sand hoppers and slider plate 
             (a) holes in sand hopper closed  (b) holes in sand hoppers opened 























































































Fig 3.5  An elaborated hydraulic servo-valve control system adopted for the present study 
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Control mode switch 
Control computer-1 
with A/D & D/A system 
Fig 3.6  Electrical circuits in control room 
Fig 3.7  Testing of aluminum tube used for the fabrication of model piles 
















































Fig 3.8  Measured stress-strain relationship of aluminum tube 
used for the fabrication of model piles 
Fig 3.9    Schematic configuration for each level of strain 
gauge station along the pile shaft 
A – Active gauge Output (e) 
 
Bridge excitation (E) 
(a) Axial force gauging (b) Full-bridge arrangement 
































Full-bridge strain gauge stations 
(Level 1~ Level 9) 
Fig 3.10    Schematic of an instrumented model pile 
(unit in mm)























Dummy piles Instrumented model piles 
Fig 3.11  Completed instrumented model piles and dummy piles 





































Fig. 3.14  Pressures acting on a piezocone during a penetration test 
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Fig. 3.15  Initial attempt of using solenoid valve for water drawdown 
Fig. 3.16  Solenoid valve oriented such that the plunger (a) aligns with the high g 
direction; or (b) in perpendicular to the high g direction 























 (a) (b) 
(c) (d) 
Fig 3.17  An improvised scheme for water drawdown during a model test  
(a) a hose connecting to the outlet of the opening; (b) front view of the 
hose hanging on a slot; (c) horizontal actuator pushing the hose out; 
(d) hose fells onto the platform to drain water out of soil container 
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Fig 3.18  Post-flight vane shear test 
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Three centrifuge model tests on single piles showcasing three most representative pile 
conditions in the field, namely an “end-bearing” pile in Test ES, a “floating” pile in test 
FS, and a “socketed” pile in test SS, have been conducted in the present study and 
reported herein. These single pile tests serve to explore the fundamental mechanism of 
NSF on single piles and as the benchmark for subsequent tests to investigate the effects of 
NSF on pile groups to be presented in Chapter 5. The model test conditions for the 3 
single piles are given in Table 4.1 and schematically illustrated in Fig. 4.1. In this report, 
the term “end-bearing pile” refers to a pile installed through soft soils and rest on a rigid 
rock base. Such definition has been widely used by other researchers such as Poulos (1969, 
1972) and Lee et al. (2002). On the other hand, “floating pile” refers to a pile with the pile 
embedded totally within the compressible soil layers with insubstantial pile toe resistance. 
For test FS, the model pile was installed until the pile tip barely touched the underlying 
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dense sand layer. Somewhere in-between the above two extreme conditions is a pile which 
is installed through compressible soils and embedded into the underlying competent soil 
with a certain embedment length. Such piles are referred to as “socketed piles” by various 
researchers like Lim et al. (1993) and Chow et al. (1996). For test SS, the model pile was 
installed in-flight and embedded 0.5d (d is the pile diameter), or 0.64 m (prototype scale) 








All the centrifuge model tests in the present study were conducted at 80g. To facilitate 
comparison among the tests, the model ground consistently features a 25 mm (namely 2 m 
in prototype scale) top sand layer overlying 175 mm (14 m in prototype scale) normally 
consolidated soft clay before the commencement of the pile in-flight installation. For the 
tests on “floating” pile and “socketed” pile, the soft clay was under-laid by a layer of 62.5-
mm (5 m in prototype scale) thick dense sand layer. For the case of “end-bearing” pile, an 
rigid acrylic plate with a thickness of 62.5 mm was placed immediately below the soft 
clay to simulate a rigid rock stratum, as schematically shown in Fig. 3.1.  








(Pile tip rest on acrylic plate)
Floating single pile
(Pile tip barely touches underlying sand layer)
Socketed single pile
(Pile tip 0.5d* into underlying sand layer)
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After a pile was installed in the field, it may begin to experience a full spectrum of 
events which may be related to the problem of NSF. For example, after pile installation, 
the re-consolidation of the remolded soil around the pile shaft is likely to induce NSF on 
the pile. Any groundwater drawdown will cause consolidation and induce NSF on the pile. 
In the case of ground backfilling to raise the ground level, the surcharge loading will 
inevitably induce further dragload and downdrag settlement on the pile. The subsequent 
construction of superstructure will apply dead load on the pile which will affect the lock-
in NSF on the pile developed previously. During service period, any transient live loads 
acting on the pile will affect the existing NSF on the pile as well. Obviously, all the above 
events can not be fully simulated and captured by a field test due to the extremely long 
duration of monitoring and intractable site management required, not to mention the 
unrealistic demand of stability of sensors against drifting over such long period of time 
and the prohibitive costs involved. Using centrifuge modeling technique, all the above 
events can be realistically and seamlessly simulated in one single model test with 
elaborate experimental controls. By subjecting a model pile to a realistic sequence of 
downdrag loads, dead load as well as transient live loads, its behavior at various stages of 
experiment can be examined in a rational manner. Typically, the following stages have 
been incorporated into each single pile centrifuge model test: 
Stage 1: Soil self-weight consolidation after the completed model setup was mounted 
on the centrifuge platform as shown in Fig. 3.2 and spun up to 80g. 
Stage 2: At the end of soil self-weight consolidation, which typically takes about 5 
hours, the instrumented model pile were installed into the model ground in-
flight. 
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Stage 3: Monitoring of the soil re-consolidation with dissipation of excess pore 
pressure generated during pile installation and the possible mobilization of 
NSF along the pile shaft. 
Stage 4: Simulation of groundwater drawdown and its effects on the model pile. 
Stage 5: Application of dead load on the pile head and its influence on the lock-in NSF 
developed during the previous test stages. 
Stage 6: Application of in-flight surcharge onto the model ground surface and its 
effects in inducing further NSF on the model pile. 
Stage 7: Application of cycles of transient live loads on the pile head to study its 
effects on the lock-in NSF developed during the previous stages. 
In this Chapter, characterization of the model ground is presented first, followed by 
the results of the three model tests on the “end-bearing” pile, the “floating” pile and the 
“socketed” pile. The test results are presented in prototype scale hereinafter unless 
otherwise stated. 
4.2 MODEL GROUND CHARACTERIZATION 
In the present study, the model ground was characterized by in-flight piezocone tests 
conducted in a separate test without the piles. Also, post-flight vane shear tests as well as 
test-tube sampling for the determination of variation of physical properties of clay with 
depth were conducted to further characterize the model ground. 
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4.2.1  Undrained Shear Strength Profile 
As elaborated in Chapter 3, the undrained shear strength of clay must be measured in-
flight without stopping the centrifuge. A separate centrifuge test was dedicated to the in-
flight measurement of undrained shear strength of the model ground for the present study. 
The model setup is exactly the same as that shown in Fig. 3.1, except that the model pile 
was replaced by a piezocone installed below the vertical actuator with a specially-made 
coupler. After the model setup was spun up to 80g and consolidated for 5 hours to achieve 
more than 95% soil consolidation, the piezocone was pushed into the clay in-flight at a 
constant penetration rate of 2 mm/sec. Almeida and Parry (1984) established that the 
variation of penetration rate between 2 and 20 mm/sec had little effect on the undrained 
strength measured. The tip resistance as well as the pore pressures sensed by the built-in 
transducers within the piezocone were sent into the control room and recorded by data 
acquisition system as described in Chapter 3. The vertical actuator and the attached 
peizocone were then retreated after the 1st penetration test. The centrifuge was then spun 
for another half an hour to allow the excess pore pressure in the soil generated during the 
piezocone test to dissipate. In-flight surcharge was then applied onto the model ground 
surface which caused the soft clay to consolidate further under the surcharge loading. The 
centrifuge was spun for another three hours for the clay to achieve more than 95% of 
consolidation, as monitored by the embedded PPTs within the clay and the potentiometer 
on top of the clay surface. The centrifuge was then spun down and the 2 sand hoppers 
were removed expeditiously. The vertical actuator with the piezocone attached beneath 
was then shifted sideway to about 120 mm from the original position. The setup was then 
spun up to 80g for the soft clay to consolidate again. The lapse time between the 
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centrifuge spin-down and spin-up was less than 10 minutes and it took about half an hour 
for the soft clay to regain a consolidation degree of 95%. The piezocone was then pushed 
into the soft clay again at a constant rate of 2 mm/sec to measure the increased undrained 
shear strength after the consolidation due to surcharge loading. Since the distance between 
the two in-flight piezocone tests was about 120 mm, the effect of previous penetration test 
on the later one is assumed to be negligible.  
The results of the in-flight piezecone penetration tests for the soft clay are presented in 
Fig. 4.2(a). Post-flight undrained shear strength measured by vane shear machine was also 
plotted in the same figure for comparison. It can be seen that the undrained shear strength 
of the clay increases reasonably linearly with depth in both penetration tests. Owing to the 
existence of the top sand layer, the undrained shear strength at the top of the soft clay is 
non-zero. The application of 40 kPa surcharge and subsequent consolidation increase the 
undrained shear strength by about 8 kPa. It is also noted that the clay shear strengths 
measured in-flight are approximately 20% higher than those measured by vane shear tests 
conducted at 1g after centrifuge spinning down. Using the same kaolin clay, Leung et al. 
(2004) found that undrained shear strength measured at 100g is about 30% higher than 
that measured at 1g. This may be due to a shorter lapse time between the centrifuge ramp 
down and the commencement of 1g vane shear tests in the present test. The higher g level 
(100g) used in their test may also contribute to a larger reduction of Cu when the 
centrifuge stopped, since the higher the g level in flight, the larger the reduction of 
overburden stress upon spinning down and thus greater tendency of the clay to swell and 
soften.  
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The ratio of Cu over effective overburden pressure σv’ is plotted in Fig. 4.2(b). It can 
be seen that except the most upper and lower portion of the clay, the ratio of Cu/σv’ 
generally lies within a narrow band between 0.23 to 0.26, with an average ratio of 0.24. 
An identical ratio was also determined for kaolin clay in Tomas’s (1998) centrifuge model 
tests. If one re-calls Skempton’s well-known empirical expression relating Cu to σv’ : 






+=σ                                                    (4.1) 
and substitute the plasticity index of the present kaolin clay Ip = WL – Wp = 44.7 into the 
above empirical equation, one will get a ratio of Cu/σv’ = 0.275, which is reasonably close 
to the value derived from the present test. 
4.2.2 Physical Properties of Clay 
Some physical and mechanical properties of the kaolin clay are shown in Table 3.2. 
The variation of water content with depth was determined by stopping the centrifuge and 
expeditiously pushing a 40-mm diameter cylindrical stainless steel tube into the model 
clay. The clay inside the tube was extruded and cut into layers of 10~15 mm thickness to 
measure the water content as shown in Fig. 4.3(a). It can be seen that the consolidation 
after surcharge reduces the water content of clay as compared with that measured before 
the surcharge. This observation is consistent with the observation that the soil strength 
after sand surcharge is higher than that before the surcharge as shown in Fig. 4.2. Before 
surcharge, the water content is about 78% at the top and reduces almost linearly to about 
64% at the bottom, with an average value of about 72%. After in-flight surcharge and 
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subsequent consolidation, the water content ranges from about 68% at the top to about 
58% at the bottom of the clay, with an average value of about 62%.  
The variation of void ratio and the bulk unit weight of the clay with depth can be 
derived based on the measured water contents and shown in Fig. 4.3(b) and 4.3(c), 
respectively. Generally, both the void ratio and the bulk unit weight vary almost linearly 
with depth. The consolidation after surcharge has obviously reduced the void ratio of the 
clay and increase the bulk unit weight of the clay. 
4.3 TEST RESULTS ON END-BEARING SINGLE PILE 
As mentioned earlier, each centrifuge model test involved 7 consecutive stages: self-
weight soil consolidation; in-flight pile installation; soil re-consolidation after pile 
installation; groundwater drawdown; application of dead load; in-flight application of 
surcharge; and lastly, the application of transient live loads on the pile head. The test 
results for the end-bearing single pile (Test ID: ES) is presented herein in the sequential 
order as the model test proceeded. 
4.3.1 Stage 1: Soil Self-weight Consolidation 
The completed model package was spun up to 80g to subject the model ground to high 
g self-weight consolidation. Fig. 4.4 shows the pore pressures at 80g and their subsequent 
dissipation as captured by 5 PPTs embedded within the clay as schematically shown in Fig. 
4.1(a). PPT-4 was faulty during the test and was thus not presented. The history of the 
clay settlement as captured by the potentiometer (refer to Fig. 4.1(a)) is also plotted in Fig. 
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4.4. Using the hyperbolic method proposed by Tan et al. (1991), the dissipation of pore 
pressures and the increase in soil settlement can be fitted with hyperbolic curves as shown 
by the dash lines in Fig. 4.4. Generally, the hyperbolic curves are able to fit the latter part 
of the measured data very well after discrepancies in the early stages, which is line with 
that observed by Tan et al. (1991). Taking the asymptotes of the hyperbolic curves as the 
ultimate values of the readings, the degree of consolidation at the elevation of each PPT as 
well as the average degree of consolidation of the clay based on the readings of the 
potentiometer can be derived and shown in Fig. 4.5, which indicates that more than 95% 
degree of consolidation has been achieved after about 5 hours (model scale) self-weight 
consolidation. 
4.3.2 Stage 2: In-flight Pile Installation 
The need for pile installation in-flight has long been recognized for an accurate 
simulation of prototype pile behavior in sand. For piles in clay, Craig (1984) postulated 
that the necessity for in-flight installation is less critical compared to that in sand. 
However, there are evidence that piles installed at 1g in clay and subsequently tested at 
high g has a compression shaft capacity of about 15% less than that of the pile installed 
and tested in flight (Tomas, 1998). Lee (2001) also concluded after his centrifuge model 
tests that model piles should be installed in-flight for an accurate simulation of NSF on 
piles. In the present study, the pile was installed without stopping the centrifuge for a 
realistic replication of prototype stress levels during pile installation. Another advantage 
of in-flight pile installation is that the generation and dissipation of excess pore pressure 
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due to pile installation can be simulated which enable the study of NSF mobilized due to 
soil re-consolidation after pile installation to be studied effectively.  
The model pile was jacked in using displacement control with a constant penetration 
rate of 2 mm/sec until the pile toe went through the soft clay and come in contact with the 
underlying acrylic plate (see Fig. 4.1). It should be noted that while the length scaling is 
straightforward with a scaling factor of 1/N from model to prototype (N is the g level of a 
centrifuge model test), the time scaling in the centrifuge modeling is a bit tricky. For a 
dynamic process, the time scaling from model to prototype is 1/N, while for a 
consolidation process, the time scaling from model to prototype is 1/N2. If one argues that, 
strictly speaking, certain consolidation occurs during the pile installation process, then the 
pile installation rate in prototype should be amplified by N times in the model simulation, 
which would turn out to be too fast to be properly controlled in the centrifuge simulation. 
However, if one makes an approximate assumption that the pile installation process is a 
more-or-less undrained process, then the scaling of installation speed is 1/1 from model to 
prototype, and the installation rate of 2 mm/sec adopted in the present test represents an 
installation of 16 m of pile through top 2-m thick sand layer and 14-m underlying thick 
soft clay in about 2.2 hours in prototype, which is not that unrealistic.  
The variation of measured forces at some selected levels along the pile shaft as the 
pile was jacked into the soil is shown in Fig. 4.6. In particular, gauge level-1 is at the 
lowest elevation and located at 0.88 m from the pile tip, while gauge level-9 is at the 
uppermost elevation and essentially flushes with the ground surface when the pile was 
installed to its final position (see Fig. 4.1(a)). Only readings of 3 levels of strain gauges 
are presented in Fig. 4.6 to avoid cluttering of curves. It can be seen that before pile 
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installation, tension forces developed along the pile shaft as the pile was at that moment 
fixed to the vertical actuator and suspended above the model ground. The tension load 
registered by each level of gauge was essentially the self-weight of the pile segment below 
that particular level. The tension recorded by the load cell before pile installation was the 
maximum as it registered the total self-weight of the whole pile as well as the pile cap. As 
the pile was pushed down and touched the top sand layer, resistance to the pile began to 
pick up quickly. The soil resistance first peaked at a penetration depth of about 1 m into 
the sand with subsequent very minor increment of resistance during the penetration of the 
lower 1 m sand layer. This should be due to the effect of the extension of the stress bulb 
beneath the pile tip into the underlying soft clay. Within the clay domain, the soil 
resistance increased gradually until the pile reached the underlying acrylic plate. It should 
be noted that although the vertical actuator was disengaged from the pile and rest half-way 
within the vertical slot of the coupling connector at the end of pile installation, the load on 
the pile head was non-zero in the present case. The coupling connector and pile cap act 
their self-weights to the pile head. The total self-weight of the above components is about 
350 gram at 1g, which scaled up to be equivalent to about 1790 kN in prototype scale 
acting on the pile head, as registered by the topmost gauge level-9 in Fig. 4.6. 
Fig. 4.7 shows the development of excess pore pressure as the pile penetrating through 
the model ground. The PPTs were embedded at various elevations within the soft clay but 
at a constant distance of 3 m from the center of the pile, as schematically shown in Fig. 
4.1(a). It can be seen that in general, the deeper the PPT embedded in the ground, the later 
it started to feel the intrusion of the pile. For example, the topmost PPT5 which was 
located at 2.4 m below the clay surface, began to sense the excess pore pressure the 
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moment the pile toe touched the clay. Whereas the lowest PPT1 which was embedded 12 
m below the clay surface, began to pick up excess pore pressure only after the pile 
penetrated about 4 m below the ground surface. It is evident from Fig. 4.7 that each PPT 
sensed the maximum excess pore pressure when the pile tip reached its respective 
elevation. Subsequently, after the pile tip passed that elevation, the excess pore pressure 
began to dissipate. These observations are very similar to those observed by some other 
researchers like Lee et al. (2004) in their centrifuge modeling of casing insertion for 
installation of sand compaction piles and Leung et al. (1991) in a field test of driven piles. 
The maximum excess pore pressure registered by various PPTs embedded along the depth 
of the clay are plotted in Fig. 4.8 as solid circle symbols. 
When a pile is driven into soft clay, the lateral displacement of clay will cause an 
increase in mean total stress in the clay around the inserted pile shaft, which in turn will 
generate excess pore pressures. On the other hand, pure shearing (without change in mean 
total stress) during the pile installation will also induce excess pore pressure in the clay. 
Randolph et al. (1979) showed that by discarding the contribution of pure shearing, the 
excess pore pressure can be equated to total mean stress increment due to the pile 
installation. Assuming the soil as an elastic perfectly plastic material, a closed-form 
solution for the excess pore pressure can be expressed as (Randolph et al, 1979): 
   )ln(2
r
RCu u=        (for Rrr ≤≤0 )    (4.2) 
where Cu is the undrained shear strength of the clay; r0 is the radius of the pile; R is the 
radius within the region where the soil becomes plastic. Beyond R, the soil remains elastic. 
R can be expressed as 
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uc
GrR 0=        (4.3) 
The calculated maximum pore pressures at the location of the PPTs based on Eqs. (4.2) 
and (4.3) are shown as dash line in Fig. 4.8. It should be noted that for the kaolin clay used, 
Eu can be approximately evaluated by 150Cu according to Leung et al. (2006) or Ong et al. 
(2006). Thus G/Cu = Eu/2/(1+υu)/Cu = 50. The measured undrained shear strength after 
soil self-weight consolidation as shown in Fig. 4.2(a) is also utilized for the calculation in 
Eq. (4.2). It appears that the theoretical predictions compare favorably with the measured 
values, although it tends to underestimate the measured data at the great depths. The 
neglect of the component contributed by pure shearing may be the main culprit for the 
under-estimation. 
Besides outward displacement of the soil to accommodate the pile installation, Fig. 4.7 
also shows certain ground heave during pile installation as detected by the potentiometer 
installed 12 m away from the center of the pile. No appreciable vertical movement was 
detected until the pile penetration exceeded 5 m, which is about 4 times the pile diameter. 
Cooke et al. (1979) observed that that ground heave occurred earlier and was bigger closer 
to the pile. Further away from the pile, the ground heave occurred much later and the 
magnitude is much smaller. In the present study, a maximum ground heave of about 6 mm 
was registered by the potentiometer located 12 m from the center of the pile at the end of 
pile installation. 
4.3.3 Stage 3: NSF Due to Soil Re-consolidation 
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The pile installation generated excess pore pressure with a maximum at the pile shaft 
surface and reduced exponentially with distance away from the pile. Thus, after pile 
installation, the excess pore pressure would dissipate by both vertical and outward radial 
consolidation (Randolph et al., 1979). Fig. 4.9 shows that the excess pore pressure 
dissipated quickly after pile installation and essentially stabilized after 156 days. At the 
location of the potentiometer at 12 m from the center of the pile, the soil settled by about 
18 mm due to the soil consolidation in contrast to the initial upheaval of 6 mm during pile 
installation, resulting in a net soil settlement of about 12 mm, as shown in the left portion 
of Fig. 4.10. As expected, the corresponding downdrag settlement of the end-bearing pile 
was negligible as shown in the figure.  
The development of NSF on piles due to re-consolidation of the remolded clay after 
pile installation has long been recognized. However, very few test data is available so far 
in the literature to quantify such effect. Fellenius (1972) observed a dragload of about 300 
kN developed in his field test pile due to soil re-consolidation after pile driving. It is noted 
that in that case history, a regional soil subsidence also contributed to the development of 
dragload on the test pile. In the present study, sufficient time has been allowed for the 
excess pore pressure to essentially fully dissipate before pile installation. Thus, any 
development of NSF on the pile should be caused solely by the effect of soil re-
consolidation after pile driving. The increment of axial forces with time at various 
elevations along the pile shaft after the pile installation is presented in the left portion of 
Fig. 4.11. It can be seen that the axial forces kept on increasing after pile installation as 
soil re-consolidation proceeded. The rate of increase reduced with time and tended to taper 
off towards the end of soil re-consolidation. It is clear that the maximum increment of 
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axial load occurred at gauge level-1 near the pile toe, and the increment reduced towards 
the pile head. The development of downdrag loads along the pile shaft can be best viewed 
by plotting the load transfer curves along the pile shaft as shown in Fig. 4.12 at some 
selected time after pile installation. It is evident from Fig. 4.12 that the downdrag load 
along the pile shaft increased with time as soil re-consolidation proceeded. A maximum 
dragload of 610 kN was observed to develop near the pile toe at the end of soil re-
consolidation. The neutral point (NP) persisted at the pile tip, which was in line with 
findings by other researchers like Johannessen and Bjerrum (1965), Lee et al. (2002). The 
α and β curves are used to fit the downdrag loads along the pile shaft at the end of the soil 
re-consolidation. It should be noted that in fitting the α and β curves to the test data, no 
difference was made to the 2 m top sand layer as the downdrag load contributed by the top 
sand layer was observed to be not substantial probably due to the low overburden stress. 
The same phenomenon was observed by Johannessen and Bjerrum (1965). For the α 
method, the undrained shear strength measured after self-weight soil consolidation (see 
Fig. 4.2(a)) was used and the derived α value was 0.95, which is very close to that derived 
by Leung et al. (2004) for the same clay. The derived β value was 0.24, which is very 
consistent with β values reported for clays by various researchers such as Endo et al. 
(1969), Burland (1973), Garlanger (1974), and Leung et al. (2004). It is noted that around 
the NP, namely around the pile toe in this case, the α and β curves deviates from the 
measured final dragloads. The NSF appears not fully mobilized around the NP due to the 
small relatively pile-soil relative settlement around the neutral point. As such, either the α 
or β method, which essentially works on the assumption of full mobilization of NSF up to 
the neutral point, tends to over-predict the maximum dragload. For the present case, the 
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calculated maximum dragload was about 705 kN which is about 16% higher than the 
measured value of 610 kN. This may be the reason which motivates some pile design 
codes like Singapore Code of Practice for Foundations (CP4: 2003) to adopt a 
mobilization factor to discount dragloads calculated by α or β method. More in-depth 
exploration of the mobilization factor will be conducted with the aid of FEM numerical 
analysis in Chapter 6. 
Re-call that at the end of pile installation, the pile head was not totally unloaded. 
Owing to the self-weight of some accessories like the coupling connector, the pile head 
was subjected to a load of about 1800 kN in prototype scale. Leung et al. (2004) 
established that the load transfer along the pile shaft due to the applied load at the pile 
head and the subsequent development of downdrag loads along the pile shaft can be 
treated independently and the overall axial load distribution along the pile shaft is the 
combination of the above two developments. The present observation apparently further 
supports such postulation, as illustrated in Fig. 4.13. The load transfer curve immediately 
after pile installation was shown in Fig. 4.13(a) with a load of P0 =1800 kN acting on the 
pile head and a load transfer along the pile shaft of about 410 kN as denoted by P+. The 
induced downdrag load due to soil re-consolidation after pile driving was shown in Fig. 
4.12(b) with a maximum dragload of 610 kN developed near the pile toe (denoted by P- in 
the figure). The superposition of the above 2 curves results in Fig. 4.13(c), which is the 
overall axial load distribution along the pile shaft. It can be seen that load transfer along 
the pile before the development of NSF turns out to be beneficial in reducing the 
maximum load at the neutral point. In the present case, the maximum axial load at the NP 
is equal to P0 + P- - P+ =  2070 kN, instead of P0 + P- = 2480 kN, as shown in Fig. 4.13(c). 
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4.3.4 Stage 4: NSF Due to Water Drawdown 
The increase in soil effective stress due to ground water drawdown is another major 
cause of NSF on piles. In an attempt to simulate the effect of water drawdown on the 
development of NSF on the pile, at the end of the soil re-consolidation after pile driving, 
the ground water level was drawn down by about 2 m to the elevation of the top sand-clay 
interface. This was achieved by lowering the end of a hose connecting to a small opening 
located at the interface of the top sand layer and the underlying soft clay layer to an 
elevation lower than that of the opening by an mechanically controlled method to drain the 
water out of the soil container, as explained in detail in Chapter 3. The drawdown of the 
water head was recorded by the 1-bar PPT-6 embedded at the bottom of the top sand layer 
(see Fig. 4.1). As shown in Fig. 4.14, the water head was drawn down quickly by about 
1.5 m within 4 days in prototype scale. Subsequently, the rate of water drawdown reduced 
due to the reduction of water head difference inside the soil container and the water outlet. 
The water head was drawn down by about 2 m after about 20 days as reflected by the 
readings of PPT-6 shown in Fig. 4.14. The lowering of hydraulic head at the elevations of 
the PPTs embedded in the clay since the start of the water drawdown is also shown in Fig. 
4.14. It can be seen that the readings of PPTs embedded in the clay generally lagged 
behind the actual variation of the ground water head since it took time for the clay to 
consolidate and reached the final hydrostatic state after about 180 days since the 
commencement of water drawdown, as shown in Fig. 4.14. The pore pressure profiles 
with depth in the soil at some selected time during the process are shown in Fig. 4.15. The 
distribution of hydrostatic pore pressure before water drawdown was essentially linear 
with depth and the projected ground water surface was slightly above the top sand layer. 
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After the water drawdown, all the PPTs began to converge towards the new hydrostatic 
state. After about 180 days, the pore pressure distribution in the soft clay stabilized and 
showed a linear distribution along the depth with the projected ground water level located 
near the interface of the top sand layer and the underlying soft clay as intended.  
The variation of dragload during water drawdown is shown in the right portion of Fig. 
4.11. Surprisingly, the dragload was observed to reduce abruptly upon the occurrence of 
water drawdown before it slowly picked up again after about 4 days. This was quite 
unexpected as it was the common wisdom that ground water drawdown would increase 
the vertical effective stress in the soil which would further induce NSF on the pile. 
However, such puzzle dissolves the moment we begin to examine the soil settlement data 
plotted in Fig. 4.10. It can be seen that the soil settled during the soil re-consolidation 
stage after pile driving. However, upon water drawdown, an appreciable amount of 
ground heave in the magnitude of about 1~2 mm was observed accompanying the process 
of water lowering, as clearly indicated in Fig. 4.10. Obviously, it is this temporary ground 
heave that partially relieved the downdrag load on the pile. It is believed that the 
temporary ground heave was actually due to the sudden reduction of total and effective 
overburden stresses in the short term upon water drawdown, as illustrated in Fig. 4.16. 
Before water drawdown, the stress on a soil element in the clay can be represented as: 
 satclaysatsandtotalv hh ,2,1,1 γγσ +=      (4.4) 
         ww hhu γγ 211 +=       (4.5) 
        '2'11 ' claysandv hh γγσ +=        (4.6) 
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where γsand,sat and γ’sand are the saturated and effective unit weight of the top sand layer, 
respectively; γclay,sat and γ’clay are the saturated and effective unit weight of the clay, 
respectively; γw is the unit weight of water.  
Upon water drawdown to the sand-clay interface, the hydraulic head at the soil 
element lies between the initial hydrostatic level, h1+h2, and the final hydrostatic level of 
h2 in the long term. Thus, the new stress state of the soil element after water drawdown 
can be expressed as: 
satclaywetsandtotalv hh ,2,1,2 γγσ +=      (4.7) 
whu γ=2     )( 212 hhhh +≤≤      (4.8) 
wsatclaywetsandv hhh γγγσ −+= ,2,12 '     (4.9) 
where γsand,wet is the unit weight of the unsaturated top sand layer after water drawdown. 
Thus, following water drawdown, the increment of stresses on the soil element is the 
difference between the above two stress states as follows: 
0,1,1, <−=Δ satsandwetsandtotalv hh γγσ     (4.10) 
0)( 21 ≤−−=Δ whhhu γ       (4.11) 
wsatsandwetsandv hhhhh γγγσ )(' 21,1,1 −−−−=Δ    (4.12) 
Thus, the reduction of total vertical stress = satsandwetsand hh ,1,1 γγ −  
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                                                                2 (14.1- 18.2)≈ ×  
                               8≈ −  kPa 
In the short term under almost undrained condition, h may be close to h1+h2, thus, 
     wsatsandwetsandv hhhhh γγγσ )(' 21,1,1 −−−−=Δ  
                  1 , ,( ) 8sand wet sand sath kPaγ γ≈ − ≈ −  
which means that in the short term, the total as well as effective vertical stress will be 
reduced by about 8 kPa, inevitably leading to the immediate elastic rebound of the clay as 
verified by the test data in Fig. 4.10, and the corresponding relief of NSF along the pile 
shaft as shown in Fig. 4.11. 
However, in the long run with the pore pressure within the clay converged to the 
hydrostatic state with reduced phreatic level, h = h2, and the increase in effective stress 
becomes: 
))(' 21,1,1 wsatsandwetsandv hhhhh γγγσ −−−−=Δ           
        1 , , 1 ,( ) ( ' )sand wet sand sat w sand wet sandh hγ γ γ γ γ= − + = −  
        1 ,( ' )sand wet sandh γ γ= −      (4.13) 
which is approximately equal to 2 (14.1- (18.2-9.81))× 11≈  kPa. 
It is this gradual increase of vertical effective stress that causes the further soil 
consolidation settlement with time after initial soil rebound as demonstrated in Fig. 4.10. 
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Accordingly, NSF along the pile shaft recovered with time upon the initial relief as shown 
in the right portion of Fig. 4.11. The NSF on the pile essentially stabilized 180 days after 
water drawdown, or 337 days after pile installation.  
The reduced downdrag load along the pile 4 days after the commencement of water 
drawdown is shown by the leftmost curve in Fig. 4.17. With further soil consolidation, 
there was a certain increase in dragload along the pile compared to the dragload profile 
before water drawdown as shown in Fig. 4.17. The α and β curves are once again found to 
fit the test data reasonably well except the obvious over-estimation around the neutral 
point. The derived β value based on the increased vertical effective stress after water 
drawn down is 0.24, exactly the same as that derived at the soil re-consolidation stage. 
Based on the undrained shear strength before water drawdown as presented in Fig. 4.2(a), 
the derived α value is 1.1, in excess of unity. The consolidation after water drawdown 
should have marginally increased the undrained shear strength of the clay beyond that 
before the water drawdown, which is not available for the present study. This explains 
why the α value is more than unity.  
4.3.5 Stage 5: Application of Dead Load on Pile 
Up to this moment, an accumulative maximum downdrag load of about 680 kN due to 
soil re-consolidation as well as water drawdown has been developed near the pile toe as 
shown in Fig. 4.17 and re-produced in Fig. 4.18 as the leftmost curve with hollow square 
symbols. The accompanying pile downdrag settlement was observed to be as little as 
about 2 mm as shown in Fig. 4.10 for the end-bearing pile. At this juncture, the vertical 
hydraulic actuator was activated to move down to engage the lower flange of the 
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connector so as to apply additional permanent dead load on the pile head. There have been 
field tests which showed that application of permanent load (or dead load) would reduce 
or even reverse the negative skin friction developed prior to the application of the load 
(Fellenius, 1972; Bozozuk, 1981). 
An additional load of about 700 kN was applied to the pile head as shown in Fig. 4.18, 
and the load transfer profile along the pile shaft is represented by the curve with hollow 
circle symbols. It can be seen that contrary to that observed by Fellenius (1972) and 
Bozozuk (1981) in their field tests, quite large portion of the applied load was transferred 
to the neutral point, contributing to the maximum axial load on the pile. In the present case, 
the increment at the neutral plane upon loading was about 586 kN, or about 84% of the 
applied load at the pile head. NSF still prevailed along the pile shaft as shown in Fig. 4.18, 
although with reduced negative unit stress on the pile as reflected by the reduced gradient 
of the curve after the load application. Such observation was quite in line with that 
observed by Leung et al. (2004) and more in-depth exploration of the fundamental 
mechanism will be attempted later in section 4.3.7. 
4.3.6 Stage 6: NSF due to Surcharge 
Proceeding with the test procedure, in-flight sand surcharge was subsequently applied 
onto the soil surface without stopping the centrifuge. This was achieved by pushing out 
the base plate beneath the two sand hoppers to align vertically the holes in the base plate 
with those at the base of the sand hoppers to discharge the sand into the model container, 
as explained in detail in Chapter 3. The flow of sand was further diverted by the guiding 
plates installed beneath the sand hoppers with adjusted angles for overcoming the Coriolis 
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effects and distributing the sand evenly in the container. The 9 kg of sand discharged onto 
the soil surface was equivalent to about 45200 kN in prototype scale. The surcharge 
intensity was thus about 40 kPa, considering that the internal size of the soil container was 
420 mm by 420 mm in model scale, or 33.6 m by 33.6 m in prototype scale.  
Fig. 4.19(a) shows the development of excess pore pressure after the application of 
surcharge, taking reference of the PPT readings immediately before the application of 
surcharge. It can be seen that the 40 kPa surcharge initially caused an excess pore pressure 
increment of about 40 kPa, as expected in an undrained condition. The excess pore 
pressure then dissipated with time and essentially fully dissipated after 830 days. Fig. 
4.19(b) zooms in on the development of the PPT readings for the initial 5 days upon the 
application of the surcharge, which clearly shows that the surcharge loading of 40 kPa was 
essentially applied expeditiously within 0.5 day. Fig. 4.20(a) shows the development of 
incremental soil settlement after the application of surcharge. The soil settlement within 
the first 5 days upon the application of surcharge is shown in Fig. 4.20(b). It can be seen 
that the expeditious build-up of 40 kPa surcharge caused an immediate soil settlement of 
about 35 mm within half a day, compared to only 1 mm immediate settlement of the pile 
as shown in the figure.  
Recalling that the application of permanent dead load in the previous stage has caused 
the NSF along the pile shaft to reduce by a certain degree to below the values when fully 
mobilized, it is speculated that the expedient large downward movement of the soil 
relative to the pile within half day upon surcharge should have fully mobilized the 
available NSF between the soil and the pile in an undrained manner with constant 
effective stresses. This postulation can be readily verified by examining the load 
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increment along the pile shaft upon surcharge. Taking reference of the loads immediately 
before the surcharge, the development of incremental loads with time after surcharge is 
shown in Fig. 4.21(a), with the immediate responses within the first 5 days zoomed in and 
shown in Fig. 4.21(b). Consistent with the quick build-up of surcharge and large 
immediate soil settlement within half day upon surcharge, significant increment of forces 
was observed to develop on the pile within half day upon surcharge as shown in Fig. 
4.21(b). The load transfer curves as plotted in Fig. 4.18 clearly shows that the loads along 
the pile shaft increased substantially along the whole length of pile shaft within half day 
upon surcharge. By assuming that all this load increment occurred in an undrained 
condition and the effective stresses in the soil remained the same as that prior to the 
application of surcharge, the β-curve thus derived fits the test data reasonably well using a 
consistent β value of 0.24. It is noted that the load on the pile head at the original ground 
elevation also increased slightly above the 700 kN dead load applied at Stage 5, which 
should be attributed to the downdrag load of the surcharged sand shrouding the pile shaft 
above the original model ground surface.  
The observation of very large mobilization of NSF along pile shaft upon surcharge 
under undrained condition is in line with that observed by Little (1994) in a field test in 
which the NSF on a free-headed pile group was induced by a surcharge of 4-m 
embankment, as reported in Chapter 2. The 4-m embankment was constructed within 4 
days during which period the clay was deemed to be in undrained condition due to its low 
permeability. However, upon completion of the embankment, very large of NSF was 
observed to mobilize along the pile shaft which amounts to about 50% of the final 
dragloads at the end of the consolidation about 2 years after the surcharge.  
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The subsequent consolidation of the clay after surcharge will increase the effective 
stress as well as shear strength of the clay.  As shown in Fig. 4.18, the derived β value, 
using the increased effective stress at the end of the consolidation, for fitting the long-term 
load distribution along the pile shaft was 0.24, which is consistent with those derived in 
the previous stages. If α method was used to back-analyze the test data at the end of the 
consolidation, the derived α value will differ greatly depending on whether the increased 
shear strength or the in-situ shear strength is used (See Fig. 4.2 for the two measured shear 
strengths). The derived α value based on the increased shear strength after soil 
consolidation was about 1, which was consistent to those values derived in the previous 
stages as well as with data reported by other researchers like Walker and Darvall (1970), 
Endo, et al. (1969) and Leung et al. (2004). For the case that in-situ shear strength was 
used, as likely in practice, the derived α value would be as high as 1.9 in order to match 
the test data as shown in Fig. 4.18. Evidently, the common practice of using in-situ shear 
strength measured before the commencement of a project at the design stage would 
grossly under-estimate the dragload on piles when the soil is subjected to substantial 
surcharge and consolidation which causes substantial increase in shear strength of the clay. 
In this case, using effective stress method with typical β value and updated effective stress 
after surcharge provides a more reliable way of evaluating NSF on piles than total stress 
method which requires the measurement of undrained shear strength in the long term after 
the consolidation finishes. 
It should be noted that the much larger soil settlement under the surcharge loading 
caused the NSF to be almost fully mobilized even near the neutral point. As such, the 
calculated maximum dragload at the NP is much closer to the measured data, as can be 
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seen from Fig. 4.18. This is in contrast to the previous stages when the soil settlement was 
substantially less and the mobilization near the NP is far from fully mobilized, leading to a 
much larger discrepancy between the calculated maximum dragload at NP and the 
measured data. The intensity of surcharge loading as well as other factors such as pile 
slenderness ratio and pile-soil stiffness ratio affect the degree of mobilization around the 
neutral point and in-depth analysis on this aspect is highly desirable. This will be explored 
with the aid of numerical analysis presented in Chapter 6. 
4.3.7 Stage 7: Effect of Live Loads on NSF 
As explained in Chapter 2, Fellenius (1972) and Bozozuk (1981) observed in their 
respective field tests that the application of transient live loads on the pile head would 
reduce, eliminate and even reverse the NSF along the pile shaft. Bozozuk (1981) further 
postulated that transient live loads smaller than 2 times the maximum lock-in dragload 
would be totally resisted by the reversed NSF and never reached the NP. In other words, 
transient live loads and NSF are not additive. Such concept appears attractive since it 
implies that only dead load plus dragload need to be considered when designing the pile 
axial structural capacity, without the need to consider the transient live loads. The 
additional settlement due to live loads should also be minor since the pile shaft below the 
neutral point will not experience much load increment upon application of transient live 
loads. Such concept has been incorporated into some design codes such as the “Civil 
Design Criteria for Road and Rail Transit System” (2002) by the Land Transport 
Authority of Singapore, and the “Canadian foundation engineering manual” (1992) by 
Canadian Geotechnical Society. 
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However, it is noted that the above concept is only supported by very limited field test 
cases and its universal applicability has actually never been well-tested. At stage 5 of the 
present test, for example, a large portion of the applied load was observed to transfer to 
the neutral point contributing to the maximum axial load at the NP, which was in line with 
that observed by Leung et al. (2004) in their centrifuge model tests, but in conflict with the 
above postulation. 
As a final stage of the present model test, a simulation of transient live loads was 
conducted on the model pile to study its effect on the NSF along the pile shaft. This was 
implemented by applying cycles of loads to the pile head using the hydraulic actuator in a 
load control mode. At each cycle, a load on top of the existing permanent load was applied 
to the pile head and maintained for about 2~3 days (prototype scale) and then removed to 
revert the load to the original permanent dead load. A total of about 10 cycles of transient 
live loads had been applied to the pile head with ever-increasing live load magnitude at 
each successive loading cycle. The variation of load along the pile shaft during the live 
loading stage is shown in Fig. 4.22. Only a few selected levels of strain gauges are shown 
in the figure for clarity. The magnitude of live load applied is reflected by the uppermost 
gauge level-9. It can be seen that the gauges along the pile shaft increased in tandem with 
the application of transient live loads at pile head and always reverted to the initial value 
upon removal of the live loads without appreciable residual effects. Fig. 4.23 shows the 
axial load profiles upon application and removal of each cycle of live loadings. The axial 
load profile at the end of surcharge as presented in Fig. 4.18 is re-plotted in Fig. 4.23 as 
the left-most curve using hollow circle symbols. It is clear that, consistent with what was 
observed in stage 5 during the application of permanent dead load, large proportion of the 
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10 cycles of applied transient live loads was observed to transfer to the NP near the pile 
toe contributing to the maximum load on the pile which should be taken into account in 
the design. Upon removal of the transient live loads, the load transfer curves reverted to 
that before the application of live loads without any residual effect as represented by the 
dashed curves cluttered closely together around the left-most hollow circle symbols. The 
percentage of live loads transferred to the neutral plane at various magnitudes of the 
transient live loads is shown in Fig. 4.24. It appears that the percentage of live loads 
transferred to the neutral plane is fairly consistent and not much affected by the magnitude 
of live loads. The percentage of live loads transferred to the NP for the present end-
bearing pile is observed to range between 76%~91% with an average value of 83% as 
shown in Fig. 4.24. 
The above observations further strengthen the idea that loads applied at the pile head 
may be transferred to the neutral point under certain circumstances and the proposal that 
live loads up to 2 times the lock-in maximum dragload need not be considered in design 
may be an over-generalized statement. Besides the test data by Leung et al. (2004) 
explained in Chapter 2, some other field data also appear to support the present 
observation. For example, Lee and Lumb (1982) reported a case history in which a steel 
tubular pile with an outer diameter of 609 mm and wall thickness of 12 mm was driven 
through 6 m of recent fill, 14 m of highly compressible marine clay and socketed 9.6 m 
into the underlying residual soil. The NSF on the test pile was caused by the newly 
reclaimed soil which was still consolidating and an additional 2 m of backfill surcharge. 
At 397 days after the backfill, the stabilized maximum dragload on the test pile was 1960 
kN as shown in Fig. 4.25(a). A pile load test was conducted subsequently on the pile. The 
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load applied on the pile head and the load transfer along the pile shaft is shown in Fig. 
4.25(b). Fig. 4.25(c) shows the total load transfer curves by superposing the load test 
curves in Fig. 4.25(b) with the final dragload curve shown in Fig. 4.25(a). It can be seen 
that when 1500 kN load was applied at the pile head, 376kN or 25% of the applied load 
was observed to transfer to the NP. When 2500 kN was applied at pile head, 940kN, or 
38% of the applied load was observed to transfer to the NP. Obviously, the actual load 
transfer curves are different from the dash lines drawn on Fig. 4.25(c) should the proposal 
that “live load and dragload never combine” at the neutral point holds for this case. 
The fundamental cause that the applied load on pile head can reduce, eliminate or 
even reverse NSF to positive skin friction lies in the shortening and settlement of the pile 
downward in relative to the soil upon loading. In the scenario that the applied load was 
totally resisted by the reversed NSF above the neutral point, and thus never transmitted to 
the NP, the pile settlement at the NP must be negligible since the pile segment below the 
NP was subjected to no increment of loading. In this case, the shortening of the pile 
segment above the NP must be large enough to reverse the shear stress direction from 
negative to positive so as to resist the applied load. Thus, the rigidity of the pile within the 
soft clay above the NP becomes a critical factor in dictating whether the live loads applied 
on the pile head would be transmitted to the NP or not. It appears that the concept that 
“NSF and live loads never combine” at NP is only applicable to long and slender piles 
installed through very deep deposit of soft soils, and not applicable for relatively short and 
stocky pile installed through relatively shallow deposit of soft clay. To quantify how the 
pile-soil parameters would affect the behavior of transient live load transfer on a pile with 
NSF, the work by Samuel (1994) on the effect of live load on downdrag forces may be 
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adapted here to provide a tentative guidance. In a numerical evaluation of the effects of 
live load on downdrag forces, Samuel (1994) found that the reduction of downdrag load 
upon applied load on pile head was related to a pile-soil flexibility factor, f, which 
considers the elastic compression of the pile under the application of a load equal to the 
downdrag load, as compared to the amount of pile movement required to eliminate the 
dragload. This pile-soil flexibility factor, f, incorporates the pile geometry, pile elastic 
properties, and the relationship between mobilized soil friction and relative pile-soil 





δ=       (4.14) 
where δ is the elastic compression of the pile under the downdrag force. In the simplified 
case that NSF varies from zero at the pile head and increases linearly to the maximum 
value of τmax at the NP, δ can be expressed as (Samuel, 1994) 




τδ π=     (4.15) 
where D is the pile diameter; k is the portion of the pile length (L) above the NP; EA is the 
axial rigidity of the pile. If one applies the effective stress method for the evaluation of 
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The factor (wz)DD in Eq. (4.14) is the required downward movement of the pile relative 
to the soil for the elimination of NSF, which is typically of a couple of millimeters as 
elaborated in Chapter 2, and was assumed a value of 0.05 inch (1.27 mm) in Samuel’s 
analysis. Two curves encompassing the region relating the pile-soil flexibility factor, f, to 
the live load (LL) required to totally eliminate the NSF on the pile was presented by 
Samuel (1994) and re-plotted herein in Fig. 4.26. The ordinate of the figure is the ratio of 
live load (LL) to the maximum lock-in dragload (Pnmax) which is required to totally 
eliminate the NSF along the pile shaft. In the scenario that live loads are totally resisted by 
reversed NSF above the NP, an application of live load at pile head with magnitude of 
lock-in dragload Pnmax will totally erase the NSF above the NP, namely LL/Pnmax must be 
unity on the ordinate in this scenario. To satisfy LL/Pnmax = 1 on the ordinate, the required 
pile-soil flexibility factor f must be 8 or above as shown in Fig. 4.26. The pile-soil 
flexibility factors, f, from the case histories reported by Fellenius (1972), York et al. (1974) 
and Bozozuk (1981) has been calculated by Samuel (1994) as 28, 1.09 and 74, 
respectively. For the case history reported by Lee and Lumb (1982), Leung et al. (2004) 
and the present model test, the pile-soil flexibility factors can be calculated as follows: 
Lee and Lumb (1982) case: pile length L = 29.6 m; diameter D = 0.609 m; portion of 
pile within settling soils k = 0.74; β value reported = 0.3; average γ’ within settling soils = 
7 kN/m3; pile axial rigidity EA = 4.62E6 kN. Substituting all the above parameters into Eq. 
(4.16), the pile-soil flexibility factor f = 4.9. 
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Leung et al. (2004) case: pile length L = 22.5 m; diameter D = 1.6 m; portion of pile 
within settling soils k = 0.71; β value reported = 0.25; average γ’ within settling soils = 6 
kN/m3; pile axial rigidity EA = 2.38E7 kN. Substituting all the above parameters into Eq. 
(4.16), the pile-soil flexibility factor f = 0.7. 
Present model test: pile length L = 16 m; diameter D = 1.28 m; portion of pile within 
settling soils k = 1.0; β value reported = 0.24; average γ’ within settling soils = 6 kN/m3; 
pile axial rigidity EA = 1.54E7 kN. Substituting all the above parameters into Eq. (4.16), 
the pile-soil flexibility factor f = 0.6. 
All the above data of pile-soil flexibility factor are superposed in Fig. 4.26 as well. It 
can be seen that for the case histories reported by Fellenius (1972) and Bozozuk (1981), 
the pile-soil flexibility factor, f, is substantially larger than 8, indicating that live loads and 
maximum dragload never occurred simultaneously at the neutral point. However, for the 
other case histories and the present model test, the flexibility factors are all smaller than 8, 
and the live load required to eliminate the NSF on the pile are larger than the maximum 
lock-in dragload developed at the neutral point. This implies that not all the applied loads 
are resisted by the reversed NSF above the NP and certain proportion of the applied load 
will transfer to the NP contributing to the maximum load on the pile. For example, in the 
case of Leung et al. (2004), the pile-soil flexibility factor was 0.7, with an estimated ratio 
of LL/Pnmax of about 2~2.8 to totally eliminate the NSF, which is not far from the test 
results of about 3 as shown in Fig. 2.8. In all the other cases, the live loads applied were 
not large enough to achieve the total elimination of NSF. In the case of York et al. (1974), 
the maximum live load applied to the test piles were 1.35 times the maximum dragload, 
with approximately 40% of the downdrag still remained in the pile.  
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However, Samuel’s (1994) definition of pile-soil flexibility factor can only help to set 
a demarcation index to determine whether the applied transient live load will be 
transferred to the NP contributing to the maximum axial load that needs to be considered 
in the pile design. There is still no means for the evaluation of actual percentage of live 
load transferred to the NP in case that the pile-soil flexibility factor is below the 
demarcation value of 8. To fill such blank of knowledge, numerical analysis using FEM 
will be resorted to in the present study, as reported in Chapter 6. 
4.3.8 Brief summary of Test ES 
1) In-flight installation of pile induces large excess pore pressure in the clay which 
peaks when the pile tip reaches the respective elevation and subsequently dissipates as the 
pile tip penetrates beyond the elevation. 
2) The subsequent re-consolidation of the remolded clay due to pile installation 
induces substantial NSF on the pile. A maximum dragload of 610 kN was observed at the 
pile toe which is the location of the NP. 
3) A quick drawdown of groundwater table in the top sand fill leads to a sudden 
temporary relief of NSF due to soil rebound caused by the temporary reduction of about 8 
kPa vertical stress. However, NSF is re-established with the increase in vertical effective 
stress of about 11 kPa in the long run with consolidation after water drawdown with the 
maximum dragload marginally increases to 680 kN. 
5) Immediate soil settlement caused by surcharge can mobilize a large NSF on the pile 
under undrained condition. Subsequent consolidation of clay under surcharge will increase 
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the effective stress as well as shear strength of the clay, which in turn increase the 
dragload on the pile further. 
6) Pile-soil flexibility factor may be used as an index to evaluate the effect of transient 
live loads on the lock-in NSF. The notion that “live load and dragload never combine” at 
neutral point adopted by some foundation design codes only holds when the pile-soil 
flexibility factor is 8 or above. Otherwise, certain proportion of live loads can be 
transferred to the NP adding to the maximum load on the pile. For the present test, about 
83% of applied load at the pile head is observed to transfer and add to the maximum 
dragload at the NP. 
7) NSF is observed to be not fully mobilized at the neutral point even for an end-
bearing pile due to negligible relative pile-soil settlement around NP. As such, both the α 
and β methods, which assumes full mobilization of NSF along the pile shaft down to NP 
tend to over-estimate the maximum dragload. Thus, an appropriate evaluation of a 
mobilization factor, defined as the ratio of actual maximum dragload at NP over that 
calculated by either α or β method, can lead to a more economical pile design, as will be 
explored further in Chapter 6. 
4.4 TEST RESULTS ON FLOATING PILE AND SOCKETED PILE 
In contrast to an “end-bearing” pile resting on a rigid base is the case of a “floating” 
pile with the whole pile floating within the soft clay with insubstantial pile toe resistance, 
as shown in Fig. 4.1(b). While the “end-bearing” pile experiences negligible pile 
settlement but significant NSF, a “floating” pile may experience excessive pile settlement 
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when subjected to NSF. In-between the above 2 extreme cases is a “socketed” pile 
installed through compressible soil and “socketed” certain length into the underlying 
competent soil to derive its geotechnical capacity, as schematically shown in Fig. 4.1(c). 
In the present study, another two model tests on single piles, namely test FS on a 
“floating” pile and test SS on a “socketed” pile have been conducted to facilitate the 
comparison of the behavior of NSF on single piles under the above three representative 
pile conditions. The examination of NSF on the three greatly contrasting pile toe 
conditions subjected to NSF in multiple stages will help greatly in the better 
understanding of the fundamental behavior of single piles under NSF and combined loads.  
As tabulated in Table 4.1, to facilitate the comparison with the previous test results of 
the end-bearing pile, the sub-surface soil conditions for both test FS and test SS remained 
essentially the same as that in the end-bearing pile test, except that the acrylic plate has 
been removed and replaced by a uniform layer of dense sand as schematically shown in 
Fig. 4.1(b) and (c). In the “floating” pile model test FS, the model pile was installed until 
the pile conical tip barely touched the dense sand layer with zero socket length into the 
underlying dense sand. In the 3rd single pile test SS on a “socketed” pile, the pile was 
installed through the 2 m of top sand layer, 14 m of soft clay and “socketed” a length of 
half the pile diameter, i.e. 0.64 m, into the underlying dense sand. It should be noted that 
in-flight pile installation into the underlying dense sand layer under the enhanced 
overburden of the top soils at high g environment encountered very large resistance which 
posed detrimental potential of damaging the strain gauges of the model pile, a common 
concern shared by other researchers like Endo (1969) and Lee (2001). As such, the model 
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pile only penetrated half the pile diameter into the underlying dense sand to avoid 
overstressing the strain gauges. 
The same integrated 7 sequential stages as simulated in the “end-bearing” pile test ES 
was replicated in the present “floating” pile test FS and “socketed” pile test SS. The test 
results are presented herein with emphasis on those different behaviors of the “floating” 
and “socketed” pile against those of the “end-bearing” pile. 
4.4.1 Stage 1: Soil Self-weight Consolidation 
This stage was basically identical to that in test ES on the end-bearing pile and will not 
be elaborated in detail. With the model pile fixed to the vertical actuator and hung above 
the model soil, the model setup was spun up to 80g and the soft clay was subjected to 
approximately 5 hours soil self-weight consolidation. Similar to test ES, at the end of the 
soil self-weight consolidation, the PPT readings of both tests FS and SS indicated that all 
the excess pore pressure within the soft clay has essentially fully dissipated. 
4.4.2 Stage 2: In-flight Pile Installation 
The model pile was then jacked in by displacement control at a constant penetration 
rate of 2 mm/sec. For test FS, the pile was jacked in until the pile conical tip went through 
the soft clay and barely touched the underlying sand layer with zero socket length. For test 
SS, the pile was jacked in until the pile conical tip went through the soft clay and 
penetrated 0.64 m (half the pile diameter) into the underlying dense sand. Fig. 4.27 shows 
the pile resistance encountered during the process of penetration of the socketed pile. The 
resistance while penetrating the soft clay was essentially similar to that in test ES (see Fig. 
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4.6). However, once the pile tip encountered the underlying dense sand, the soil resistance 
shot up sharply as shown in Fig. 4.27 and in order not to overstress the strain gauges, the 
penetration into the dense sand terminated at 0.64 m, or half of the pile diameter. The 
vertical actuator was then withdrawn to disengage the connector.  
In both test FS and SS, the positions of 5 PPTs were located at a same distance of 3 m 
from the pile center, the same as in the end-bearing pile test ES. However, the elevations 
of the PPTs are slightly different as shown in Fig. 4.1(b) and (c) due to the change of a 
new PPT holder. Consistent with what was observed in test ES, the excess pore pressure 
reached a maximum value when the pile toe reached respective elevations for the present 
two tests, as shown in Fig. 4.28(a) and (b). Subsequently, as the pile toe passed that 
elevation, the excess pore pressure began to dissipate. The measured maximum pore 
pressures at the locations of the PPTs in both tests are shown in Fig. 4.8, which is very 
similar to that measured in test ES. A ground heave of about 4~6 mm at the location of 12 
m from the pile center was observed during the pile penetration for the 3 single pile tests, 
as shown in Fig. 4.7 and Fig. 4.28 (a) and (b). 
4.4.3 Stage 3: NSF Due to Soil-reconsolidation 
Test ES on the end-bearing pile has clearly revealed that re-consolidation of the re-
moulded clay after pile installation leads to large mobilization of NSF along the pile shaft 
but negligible pile settlement since the pile was bearing on a rigid base. 
The increment of axial forces with time at various elevations along pile shaft after pile 
installation is presented in the left portion of Fig. 4.29 for test FS. It can be seen that 
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similar to what was observed in previous test ES, the axial load kept on increasing after 
pile installation as the soil re-consolidation proceeded. Although certain fluctuation of the 
signals was discernable, the general trend of development still clearly revealed a reducing 
rate of increment with time and tapering of the data towards the end of soil re-
consolidation. Different from that observed in test ES, the maximum increment of axial 
load occurred at gauge level-3 instead of level-1 near the pile tip. The downdrag load 
mobilized along the pile shaft in test FS at various selected dates during soil re-
consolidation stage is shown in Fig. 4.30. A maximum dragload of about 360 kN was 
observed at the end of soil re-consolidation for the floating pile. This was only about 60% 
of the corresponding maximum dragload of 610 kN in the case of the end-bearing pile in 
test ES (see Fig. 4.12). Also, unlike the case of end-bearing pile with a neutral point 
located at the pile toe, the neutral point for the floating pile was located at about 12 m 
below the ground surface, that was at approximately 75% of the pile length. The β curve 
plotted in Fig. 4.30 is found to fit the final dragload profile up to a depth of about 10 m 
below the ground surface and start to deviate drastically from the test data below that 
depth. At the neutral point 12 m below ground surface, the calculated maximum dragload 
is about 540 kN, which grossly overestimates the measured maximum dragload of 360 kN 
by about 50%. This is again consistent with the observation in test ES that the NSF around 
NP is far from full mobilization and utilization of β method which assume full 
mobilization of NSF down to NP will inevitably lead to an gross overestimation of 
dragloads. It should be noted that the total stress α method was not used to fit the test data 
any more as it has been demonstrated in test ES that the β method is relatively more 
consistent than the α method.  
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However, a trade-off for the much smaller mobilization of NSF on the floating pile is 
the substantial final pile settlement of about 28 mm as shown in Fig. 4.31(a). In the figure, 
the pile settlement appeared to be more than the soil settlement simply because the latter 
refers to the soil settlement measured by the potentiometer located at 12 m away from the 
center of the pile. 
The increment of axial forces with time at various elevations along pile shaft after pile 
installation is presented in the left portion of Fig. 4.32 for the socketed pile in test SS, 
while the downdrag load profiles along the pile shaft at selected times are shown in Fig. 
4.33. The maximum dragload of about 515 kN observed at the end of soil re-consolidation 
for the socketed pile lies in-between the corresponding maximum dragload of 610 kN for 
the end-bearing pile in test ES and the maximum dragload of 360 kN for the floating pile 
in test FS. The neutral point was observed to be located much deeper than that of the 
floating pile in test FS and was essentially stabilized at about 14.5 m below the ground 
surface, or 90% of the pile length within the settling soils. The effective stress β method 
was used to fit the test data as shown in Fig. 4.33. Again, the measured maximum 
downdrag load at the neutral point was substantially smaller than that calculated by the β 
method as shown in Fig. 4.33. The calculated maximum dragload is about 665 kN, which 
overestimates the measured maximum dragload of 535 kN by about 24%, which lies in-
between the overestimation of 16% for the end-bearing pile in test ES and 50% for the 
floating pile in test FS in the corresponding stage. It appears that the softer a pile toe 
condition, the larger is the over-estimation by the β method against the measured data. 
The ground heave due to pile driving and subsequent soil subsidence with soil 
consolidation for test SS as shown in Fig. 4.32(b) is consistent with those measured in test 
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ES and test FS. The pile downdrag settlement during soil re-consolidation was about 6 
mm, which again lied in-between that of the end-bearing pile of less than 2 mm and that of 
the floating pile of 28 mm.  
4.4.4 Stage 4: NSF Due to Water Drawdown 
Similar to the procedure in test ES for end-bearing pile, at the end of soil re-
consolidation with the NSF mobilized along the pile shaft more or less stabilized, the 
groundwater table was drawn down by 2 m to the top sand-clay interface. As shown in Fig. 
4.31(b) and (c), an appreciable amount of immediate soil rebound of about 1~2 mm was 
observed in both test FS and test SS due to the sudden reduction of total and effective 
vertical stress within the model ground, as elaborated in Section 4.3.4. Similar to what was 
observed in test ES, this small amount of soil rebound caused a relief of downdrag loads 
along the pile shaft as clearly shown at the junction between the “soil re-consolidation” 
stage and the “water drawdown” stage in Figs. 4.29 and 4.32 for the two tests, respectively. 
In the long term, the water drawdown will cause an increase in effective stress of about 11 
kPa as analyzed in section 4.3.4, and the NSF along the pile shaft gradually picked up 
again as consolidation proceeded. At the end of consolidation, the final downdrag loads 
was in excess of those immediately before the water drawdown as shown in Fig. 4.34(a) 
and (b).  
Unlike the end-bearing pile in test ES which shows stabilized and minimal pile 
settlement, the floating pile in test FS was observed to settle excessively with the settling 
soil as shown in Fig. 4.31(a). The incremental pile settlement due to water drawdown was 
about 14 mm with a total pile settlement of about 42 mm, as compared with only 2 mm for 
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the end-bearing pile in test ES. Thus, although the floating pile experienced the smallest 
dragload, the pile settled together with the soil and experienced excessive pile settlement. 
The settlement of the socketed pile was observed to stabilize at a total pile settlement of 
about 8 mm (see Fig. 4.31(b)), a value in-between that of the end-bearing pile and the 
floating pile.  
4.4.5 Stage 5: Application of Dead Load on Pile 
At the end of water drawdown stage, a load with a targeted magnitude of 700 kN was 
applied to the pile heads in the two tests. Owing to certain discrepancy of “command” and 
“feedback” signals of the hydraulic servo-valve control system, the actual applied load as 
measured by the loadcell and the 1st level of gauge at the pile head was about 760 kN and 
610 kN for the floating pile in test FS and the socketed pile in test SS, respectively, as can 
be seen in the 2nd curve from left with hollow circle symbols in Figs. 4.35(a) and (b). For 
the floating pile in test FS, a large incremental pile settlement of 21 mm was observed 
upon load application. As shown by the 2nd curve from left in Fig. 4.35(a), this very large 
pile settlement relative to the surrounding soil essentially eliminated all the mobilized 
NSF along the pile shaft accumulated so far during the previous 2 stages. This is in 
contrast to the end-bearing pile in test ES whereby the pile experienced only 2.5 mm pile 
settlement upon loading and the mobilized NSF along pile shaft prevailed along the whole 
pile shaft (see Fig. 4.18). For the socketed pile in test SS, the applied load of about 610 kN 
caused an incremental pile settlement of about 7 mm. It appeared that NSF still more or 
less prevailed along the pile shaft but with greatly reduced unit friction as can be 
visualized by the much reduced gradient of the load transfer curve shown  by the 2nd 
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curve from left in Fig. 4.35(b). The neutral point was observed to shift upward from the 
2nd lowest strain gauge position to the 3rd lowest strain gauge position. Such observation 
of upward shifting of NP upon loading was consistent with that observed by Leung et al. 
(2004) for a socketed pile in their centrifuge tests. With very large applied load, or in the 
case of a floating pile with moderate load, the NP may shift upward until reaching the 
ground surface (Leung et al., 2004). 
4.4.6 Stage 6: NSF due to Surcharge 
In-flight sand surcharge was subsequently applied onto the model ground without 
stopping the centrifuge for test FS and SS. The duration of the application of about 40 kPa 
surcharge took about half day in prototype time. Fig. 4.36(a) shows the development of 
the incremental soil and pile settlement within the first 5 days after the commencement of 
application of surcharge for the floating pile in test FS. The immediate soil settlement 
upon application of surcharge was about 40 mm, similar to that measured in test ES. 
However, unlike the bearing pile in test ES which only demonstrated about 1 mm of 
immediate pile settlement (see Fig. 4.20(b)), the floating pile in test FS essentially follows 
the settlement of the soil with an immediate settlement as large as 36 mm as shown in Fig. 
4.36(a). Such large immediate pile settlement together with settling soil bears its 
implication on the mobilization of NSF along the pile shaft. Unlike the end-bearing pile in 
test ES whereby the immediate large soil settlement upon surcharge fully mobilized all the 
available NSF along the pile shaft under undrained condition, NSF was mobilized only 
along the top part of the pile shaft upon surcharge due to the large simultaneous pile 
settlement, as shown in Fig. 4.35(a). Subsequently, the mobilization of NSF along the pile 
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shaft was observed to progress downward along the pile shaft with the neutral point 
shifting downward as consolidation proceeded and finally stabilized at about 10.2 m 
below ground surface, or about 64% of the embedded pile length, as shown in Fig. 4.35(a). 
Once again, the β curve using the updated effective stress after application of surcharge 
matches the final dragloads fairly well along the top part of the pile shaft and begins to 
deviate greatly from the test data as it approaches the neutral point and further downwards, 
as shown in Fig. 4.35(a). The subsequent soil consolidation after surcharge caused the soil 
to settle as large as 550 mm as shown in Fig. 4.37. The floating pile settled excessively 
with the settling soil and the incremental pile settlement reached as large as 230 mm (refer 
to the Y-axis at the right-hand side of Fig. 4.37) at the end of soil consolidation after 
surcharge.  
For the socketed pile in test SS, an immediate pile settlement of about 6 mm was 
observed upon application of surcharge as shown in Fig. 4.36(b), which lies in-between 1 
mm for the end-bearing pile in test ES and 36 mm for the floating pile in test FS. Large 
NSF was observed to developed along a large portion of the upper pile shaft immediately 
upon application of surcharge (occurred within half a day similar to the previous 2 tests) 
in undrained condition. The neutral point was observed to shift one notch up as shown in 
Fig. 4.36(b). The subsequent clay consolidation under surcharge caused the NSF along the 
pile shaft to increase further with time and the neutral point was observed to shift 
downward back to the original position before the application of surcharge, namely at 
90% of the pile length within the settling soils. Again, the β curve with a consistent β 
value of 0.24 fits the final dragload profile reasonably along the upper portion and starts to 
deviate when approaching the neutral point and further downwards. 
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4.4.7 Effect of Transient Live Loads on NSF 
Similar to test ES, the final stage involves the simulation of applying transient live 
loads to the pile head in both tests. A total of 10 cycles of transient live loads were applied 
to the pile head with increasing magnitude, as shown in Figs. 3.38(a) and (b). Only a few 
selected levels of strain gauge readings are shown in the figure for clarity. Similar to that 
observed in test ES, the axial force along the pile shaft increased and reduced in tandem 
with the applied transient live loads. The load transfer curves along the pile shaft from 
selected cycles of transient live loads are shown in Fig. 3.39(a) and (b). It can be seen that 
for the floating pile, application of transient live loads temporarily reduced the NSF above 
the neutral point, but a large percentage of the transient live loads still transferred to the 
neutral point adding to the maximum axial load at the NP. It is interesting to observe that, 
unlike the case of the “end-bearing” pile in test ES, upon relief of transient live load, the 
recovered load transfer curve along the pile shaft did not return to the original curve 
before the application of the transient live load. The recovered load transfer curves 
normally demonstrated reduced maximum dragload at the neutral point. The larger the 
transient live load, the larger the reduction of NSF upon the removal of transient load, as 
shown in Fig. 4.39(a). Similar phenomenon can be observed for the socketed pile shown 
in Fig. 4.39(b), although with less striking symptom. This phenomenon can be explained 
with the aid of the observed pile settlement during the cycles of transient live loads. As 
shown in Fig. 4.40, during the cycles of transient live loads, the end-bearing piles shows 
negligible pile settlement. However, with the application of transient live loads, much 
appreciable pile settlement was observed for the floating and socketed piles, which forced 
the pile to move downward relative to the adjacent soils, thus temporarily relieving the 
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NSF partly. Upon the removal of transient live loads, the pile tended to rebound upward, 
but never totally recovered to the original position, which explained why the NSF can not 
be totally recovered to the original magnitude, and thus the discrepancy of the recovered 
load transfer curves from the original load transfer curve before the application of the 
transient live loads.  
It is interesting to note that, for both floating pile and socketed pile, the lock-in 
relatively large NSF along the pile shaft appeared to act as a buffer to the applied transient 
live load such that the neutral point essentially persisted at the position before the 
application of the transient live loads. Such “buffer” effect of lock-in NSF is essentially 
consistent to that observed by Bozozuk (1981). However, contrary to that observed in 
Bozozuk’s field test that applied transient live loads dissipated along the pile shaft without 
reaching the neutral point, substantial percentage of applied loads was observed to transfer 
to the neutral point, as shown in Fig. 4.39. The percentage of load transferred to the NP at 
various magnitudes of the transient live loads for the two tests is shown in Fig. 4.25, 
together with the data for the end-bearing pile in test ES. It can be seen that the percentage 
of load transferred to the neutral point was not so much related to the magnitude of the 
transient live loads in all the three test conditions. As the pile toe becomes softer, the 
percentage of load transferred to NP reduces, which is 83%, 58% and 39% on average for 
the end-bearing pile, socketed pile and floating pile, respectively.  It is evident that the 
softer the pile toe condition, the more settlement of the pile subjected to applied loads (as 
shown in Fig. 4.40), thus mobilizing more shaft resistance to the applied load, and less 
load transferred to the NP. These observations again confirmed that the concept of “NSF 
and live loads do not combine” at NP as proposed by Fellenius (1972) and Bozozuk (1981) 
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and adopted in some foundation codes is only applicable to long and slender piles installed 
through very deep deposit of soft clay. For a stocky pile installed through relatively 
shallow deposit of soft clay as in the present model tests, significant percentage of 
transient live loads would be transferred to the neutral point contributing to the maximum 
load on the pile which should be taken into account in design. Such percentage of load 
transfer to NP depends on various factors such as the pile slenderness ratio, relative pile 
and soil stiffness as well as pile toe conditions, but appears not related to the magnitude of 
the live loads. More parametric study will be conducted in Chapter 6.  
4.5  CONCLUDING REMARKS 
In the present study, centrifuge model tests have been conducted to investigate the 
mechanism of NSF on single end-bearing, floating and socketed piles. An elaborate 
scheme has been developed to seamlessly incorporate 7 sequential stages into each model 
test to induce NSF on a single pile by three typical causes, namely re-consolidation of 
remolded clay after pile installation, ground water drawdown as well as surcharge loading. 
Permanent dead load and transient live loads are applied to the single piles at strategic 
stages to subject the single piles to the combined effects of dragloads and applied loads. 
There exist similarities as well as contrasting differences among the three types of piles as 
summarized below: 
(1)  All the three centrifuge model tests consistently reveal the generation of large 
excess pore pressure due to in-flight pile installation, as shown in Figs. 4.7, 4.28(a) and (b). 
The pore pressure peaks when the pile tip reaches the respective elevation and 
subsequently dissipates as the pile tip penetrates further. A consistent ground heave of 
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about 4~6 mm at a location of 12 m from the pile center was observed after pile 
installation for all the 3 tests. 
(2) The re-consolidation of remolded soil due to pile installation induces substantial 
NSF on the piles.  The end-bearing pile developed a maximum downdrag load of about 
610 kN at the pile toe, with a pile settlement of less than 2 mm. The floating pile 
developed a minimum dragload of about 360 kN with a neutral point at 75% of embedded 
pile length, but a substantial pile settlement of about 28 mm. For the socketed pile, the 
mobilized downdrag load of about 515 kN as well as pile settlement of about 6 mm lie in-
between those of the end-bearing pile and the floating pile. The neutral point for the 
socketed pile is at about 90% depth of settling soils. A comparison of the dragload and 
downdrag settlement for the 3 tests is summarized in Table 4.2. 
(3) During ground water drawdown, all the 3 tests consistently reveal an appreciable 
amount of immediate ground surface rebound of about 1~2 mm, as shown in Figs. 4.10, 
Fig. 4.31(a) and (b) due to a sudden reduction of vertical soil stress. The soil rebound 
causes a temporary relief of dragload as shown in Figs. 4.11, 29 and 32. However, NSF is 
quickly re-established again due to increase in vertical effective stress due to soil 
consolidation after water drawdown. The floating pile is observed to settle considerably 
with an increment of about 14 mm resulting in cumulative pile settlement of 42 mm, as 
compared to only 2 mm for the end-bearing pile. The cumulative settlement of the 
socketed pile is about 8 mm, in-between those of end-bearing pile and floating pile, as 
shown in Table 4.2. 
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(4) For both end-bearing pile and socketed pile, settlement of the pile of about 2.5 
mm and 7 mm, respectively, with the applied additional dead load of about 700 kN was 
not sufficient to eliminate the NSF along the pile shaft, but obviously caused certain 
reduction of NSF along the pile shaft. On the other hand, the large settlement of the 
floating pile of about 21 mm under the applied dead load essentially eliminates all the 
mobilized NSF along the pile shaft accumulated thus far. In other words, the NP of the 
floating pile shifted upward until reaching the ground surface level, while the NP of the 
socketed pile shifted one notch upward. The NP of the end-bearing pile persisted at the 
pile toe level. 
(5) All the 3 single pile tests consistently reveal about 50 mm of immediate soil 
settlement caused by the quick application of 40 kPa surcharge, which mobilizes very 
large NSF on the end-bearing pile and the socketed pile under undrained condition. 
However, for the floating pile, NSF is mobilized only along a limited top portion of the 
pile shaft upon surcharge due to large simultaneous pile settlement of about 36 mm, as 
compared to only about 1 mm and 6 mm of incremental pile settlement for the end-
bearing and socketed piles, respectively. Subsequent consolidation of the clay under 
surcharge will increase the effective stress as well as shear strength of the clay, which in 
turn increase the dragload on all the single piles.  
(6) The application of a total of 10 cycles of transient live loads applied to the pile 
heads in the 3 tests clearly reveal that a large percentage of the applied transient live load 
is transferred to the neutral point, although with a varied magnitude of 83%, 58% and 39% 
for the end-bearing pile, socketed pile and floating pile, respectively, regardless of the 
magnitude of applied load. This clearly illustrates that the postulation of “NSF and live 
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loads do not combine” at NP as observed in a limited number of field tests and adopted in 
some foundation codes is only applicable to long and slender piles installed through very 
deep deposit of soft clay whereby the pile-soil flexibility factor is larger than 8. Otherwise, 
a certain percentage of the load will be transferred to the NP adding to the maximum axial 
load on the pile which must be taken into account in the pile design. In reality, the 
percentage of load transfer to NP depends on various factors such as the pile slenderness 
ratio, relative pile and soil stiffness as well as pile toe conditions, and will be explored 
further in Chapter 6. 
(8) The effective stress method with a β value of 0.24 consistently provides a 
reasonably good fit to test data of dragloads on the single piles installed in soft clay at 
various stages of all the 3 tests. On the other hand, inconsistent α value will be derived if 
the original in-situ undrained shear strength is used in the total stress method. However, 
the test data clearly reveal that both α and β method only match the NSF along the upper 
pile shaft and deviate substantially when approaching the NP, leading to an over-
estimation of dragload on piles. An appropriate evaluation of a mobilization factor, 
namely the ratio of the actual maximum dragload at NP over that calculated by the β 































(kN) (mm) (kN) (mm) (kN) (mm)
Stage 3 Soil re-consolidation after pile installation 610 1.5 360 28 515 6
Stage 4 2m ground water drawdown 680 2 392 42 563 8
Stage 6 Application of 40kPa surcharge 1406 4.6 1157 232 1188 16
Socketed pile
Stage in 
model test Cause of NSF
End-bearing pile Floating pile
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Fig. 4.1  Model test configurations for single piles (prototype scale in parenthesis) 
(a) Test ES: end-bearing single pile (b) Test FS: floating single pile (c) Test SS: socketed single pile 
Acrylic block 





















Fig. 4.2  (a) Undrained shear strength and (b) strength ratio of model clay with depth 
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Fig. 4.3  Variation of (a) water content, (b) void ratio, and (c) bulk unit weight of the clay with depth 
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Fig. 4.4  Development of pore pressures and soil settlement during spinning up to 80g and 
subsequent self-weight consolidation 
Fig. 4.5  Variation of degree of consolidation with time 
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Fig. 4.6  Variation of forces at selected levels along pile shaft during pile installation 
Fig. 4.7  Variation of excess pore pressure and ground heave 
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Fig. 4.8  Maximum excess pore pressure along clay depth due to pile installation 
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Fig. 4.10  Settlement of soil and pile during soil reconsolidation and 
water drawdown (Test ES) 
Fig. 4.11  Development of incremental axial load during soil 
reconsolidation and water drawdown (Test ES) 
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Fig. 4.13  Postulation of superposition: (a) Load transfer after pile installation; (b) Induced downdrag loads 
during soil re-consolidation; (c) Overall axial load distribution along pile shaft 



















Fig. 4.14  Variation of hydraulic head on various PPTs since the start of water drawdown 
Fig. 4.15  Variation of pore pressure in soil during water drawdown 
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Fig. 4.16  Stresses on a soil element before and after water drawdown 
Fig. 4.17  Downdrag load along pile shaft during water drawdown 
α curve 
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Fig. 4.19  Variation of excess pore pressure (a) with time; and (b) for the first 
5 days upon surcharge loading 
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Fig. 4.20  Incremental soil settlement (a) with time; and (b) for the first 5 days 
upon surcharge loading 
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Fig. 4.21  Incremental axial loads (a) with time; and (b) for the first 5 days 
upon surcharge loading 
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Fig. 4.22  Variation of axial loads at selected levels along pile shaft during live loading 
Fig. 4.23  Axial load profiles upon application and removal of cycles of transient live loads 
0 5 10 15 20 25 30 35 40 45 50




























































600 900 1200 1500 1800 2100 2400 2700 3000

















Cycle of live loads































0% 20% 40% 60% 80% 100% 120%





















Endbearing pile (Test ES)
Socketed pile (Test SS)
Floating pile (Test FS)
Average lines













Fig. 4.25  Lee and Lumb’s (1982) case history with (a) dragload along the pile shaft; (b) load test 















































Fig. 4.26  Superposition of data from present test and some case 
histories on Samuel’s (1994) curve 
Fig. 4.27  Variation of loads at selected levels along pile shaft 









0.1 1.0 10.0 100.0


















      CASES f
Bozozuk (1981) 74.0
Fellenius (1972) 28.0
ee and Lumb (1982) 4.9
ork et al. (1972) 1.1
































-800 0 800 1600 2400 3200 4000 4800































Fig. 4.28  Variation of excess pore pressure captured by PPTs as pile penetrated 
through model ground for (a) floating pile; and (b) socketed pile 
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Fig. 4.30  Mobilization of downdrag loads along pile shaft during soil re-
consolidation after pile driving (Test FS) 
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Fig. 4.29  Increment of axial forces during soil reconsolidation 
and water drawdown (Test FS) 
β curve
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Fig. 4.31  Settlement of soil and pile during soil reconsolidation and 
water drawdown (a) for Test FS; (b) for Test SS 
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Fig. 4.32  Increment of axial forces during soil reconsolidation and water 
drawdown (Test SS) 
Fig. 4.33  Mobilization of downdrag loads along pile shaft during soil 
re-consolidation after pile driving (Test SS) 
β curve 
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Fig. 4.34  Downdrag loads along pile shaft during water drawdown stage for (a) 



























Fig 4.35  Application of additional deadload on pile head for (a) floating pile in 
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Fig 4.36  Incremental soil and pile settlement within 5 days after start of surcharge 
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Fig 4.37  Incremental soil and pile settlement for the three model tests due to surcharge 
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Fig 4.38  Variation of axial loads at selected levels along pile shaft during live loading stage 
for the (a) floating pile; and (b) socketed pile 
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Fig 4.39  Axial load profiles upon application and removal of cycles of transient 
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5.1   INTRODUCTION 
The study of NSF on 3 representative single pile conditions presented in the 
foregoing chapter provides an in-depth understanding of the mechanism of NSF on 
single piles. However, piles are often installed in groups in practice. While the 
beneficial pile group effect on NSF has been recognized for many years and some 
simple empirical methods have been proposed for the estimation of NSF on pile 
groups, they had rarely been substantiated by sufficient test data. As revealed in 
Chapter 2, field testing to examine NSF on pile groups is prohibitively costly and 
onerous. On the other hand, difficulties in the instrumentation of model piles have 
hampered fruitful test results to be obtained for the few centrifuge model tests of NSF 
on pile groups (Tomas, 1998; Lee, 2001). 
The present centrifuge model study on single piles is extended to end-bearing and 
socketed pile groups under the same soil conditions as shown schematically in Fig. 5.1. 
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The floating pile groups, which are rarely used in practice, are not investigated. The 
test procedure is similar to that for single piles, except for the stages of load 
applications. The following five test stages are involved in a typical pile group test: 
Stage 1: Soil self-weight consolidation after the completed model setup complete 
with a pile group was mounted on the centrifuge platform shown in Fig. 
3.2 and spun up to 80g. 
Stage 2: At the end of soil self-weight consolidation, which typically takes about 5 
hours, the instrumented model pile group connected by a rigid pile cap 
was installed into the model ground in a group in-flight. 
Stage 3: Monitoring of soil re-consolidation with dissipation of excess pore 
pressure generated during pile installation and the mobilization of NSF on 
various piles within the pile group. 
Stage 4: Groundwater drawdown by 2 m to the top sand-clay interface and its 
effects on the pile group. 
Stage 5: Application of in-flight surcharge onto the model ground surface and its 
effects in inducing further NSF on the pile group. 
Pile groups comprising 3, 5, 9, and 16 piles were investigated for both the end-
bearing and socketed pile groups, as illustrated in Fig. 5.2. All the piles within a pile 
group were held together by a rigid pile cap fabricated from aluminum with a thickness 
of 15 mm in model scale. At 80g, the prototype bending rigidity works out to be about 
9.9E+6 kNm2 per meter width which is equivalent to that of a rigid concrete pile cap 
with a thickness of about 2 m. Fig. 5.3(a) shows samples of model pile caps with 
various sizes to accommodate different numbers of piles for a pile group. Holes were 
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drilled in-between the locations of the piles in the pile caps to facilitate an even 
distribution of in-flight sand surcharge immediately below the pile cap as can be seen 
in Fig. 5.3. 
In the present study, the piles located at the corners of the pile group are termed 
“corner piles” (marked as “1” in Fig. 5.2) and those located along the pile group 
perimeter and in-between the corner piles are termed “side piles” (marked as “2” in Fig. 
5.2). All the piles shielded within the perimeter piles are referred to as “inner piles” 
(marked as “3” in Fig. 5.2). By exploiting the symmetry of a pile group configuration, 
only a limited number of piles in a pile group need to be instrumented (denoted by 
solid circles in Fig. 5.2), while un-instrumented piles (marked as open circles in Fig. 
5.2) can be used for all the rest of piles within the pile group. The center-to-center 
spacing of piles within a pile group was fixed at a typical distance of 3d in the present 
study (d is the pile diameter, which is 16 mm in model scale and 1.28 m in prototype 
scale), which is 48 mm in model scale and 3.84 m in prototype scale. The boundary 
effect of large pile groups was explored in the next section before the presentation of 
test results in subsequent sections. Again, all the results presented are in prototype 
scale, unless otherwise stated.  
5.2  BOUNDARY EFFECT OF PILE GROUPS WITH NSF 
Soil container boundary effect may be a concern when testing large size pile 
groups. The minimum boundary clearance for an axially-loaded pile group is mainly 
governed by the dissipation of shear stress away from the pile-soil interface. Randolph 
and Wroth (1978) established that it is reasonable to assume a maximum shear stress at 
the pile-soil interface and the shear stress decreases inverse-proportionally to the 
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increasing distance from the pile shaft. There exists a radius, rm, at which the shear 
stress becomes negligible, and the boundary walls of the model container should 
ideally be located beyond such distance from the model piles such that the boundary 
effects are insignificant. As presented in Chapter 3, the inner plan dimension of the 
model container used for the present study is 420 × 420 mm in model scale, or 33.6 × 
33.6 m in prototype scale. For the largest 16-pile group, the container boundary wall is 
11 m from the center of a perimeter pile in prototype scale (see Fig. 5.1). The 
adequacy of such clearance is explored here. 
Early studies on axially loaded pile assumed that the shear strains around a pile 
shaft were confined to a narrow zone of about 5 to 10 cm adjacent to the pile (Burland, 
et al., 1966). The shear stress is a maximum at the pile-soil interface and reduces with 
increasing distance from the pile shaft (Cooke, 1974). Randolph and Wroth (1978) 
postulated that beyond an influence radius, rm, the shear stress becomes negligible. 
They established that the influence radius, rm, is equal to 2.5L(1-ν) for a pile installed 
in a uniform soil stratum, where L is the length of the pile and ν is the poison ratio of 
the soil. For a socketed pile, rm is given as follows (Randolph and Wroth, 1978): 
 
          (5.1) 
  
where  
          (5.2) 
 
          (5.3) 
 
{0.25 [2 (1 ) 0.25] }mr L ρ ν ξ= + − −
)(/)2/( LGLG ss=ρ
bs GLG /)(=ξ
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with Gs(L/2) and Gs(L) as the shear modulus of the top soil at half and base of the soil 
depth. Respectively; Gb as the shear modulus of the underlying stiffer soil stratum. 
From Eqs. (5.1) and (5.3), it can be seen that the stiffer the underlying soil stratum, the 
smaller is the influence radius. For the case of end-bearing pile on rigid base, ξ 
assumes a negligible value and the influence radius, rm, assumes a minimum value of 
one quarter of the pile length L, or 4.0 m for the present study with an embedded pile 
length of 16 m, as deduced from Eq. (5.1). For the case of “socketed” pile, rm is 
normally larger and is dictated by the ratio of the shear modulus of the upper soil 
stratum to that of the underlying stiffer soil stratum. The dense base sand layer for the 
present “socketed” case has a Young’s modulus, Eb, of about 55 MPa as evaluated by 
careful back-analysis of the pile settlement of the single socketed pile by FEM (refer to 
Chapter 6). Taking an effective Poison ratio of 0.3, the calculated shear modulus Gb of 
the underlying dense sand layer is 
 
      kPa  
           
On the other hand, the undrained modulus of the soft clay used for the present 
study, Eu, can be estimated from undrained shear strength Cu as recommended by 
Leung et al. (2006) for the Kaolin clay used in the present study: 
         Eu = 150Cu       (5.4) 
It is evident from Eqs. (5.1) and (5.3) that the stiffer the upper soil layer, the larger 
is the calculated rm.  Taking the maximum undrained shear strength of about 35 kPa 
(refer to Fig. 4.2) at the base of the clay at the end of the consolidation after surcharge, 
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                                                         kPa 
           
Likewise, the shear modulus of the clay at midway of the clay depth is calculated to be: 
 
Gs(L/2) = 1040 kPa        
 
Thus,  
           
 
          
The influence radius can hence be determined as: 
 
             = 16 × {0.25 + [2 × 0.51 × (1-0.3)-0.25] × 0.1} 
             = 4.8 m 
Comparing to the available boundary clearance of 11 m for the largest pile group in 
the present study, the above evaluation of rm of 4.0 m for end-bearing piles and 4.8 m 
for socketed piles reveals that the container boundary effect for the present test 
configuration is insignificant. 
However, some researchers argued that the above influence radius is only 
applicable for the case of piles subjected to external axial loads applied at pile head, 
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example, for the case of an end-bearing pile subjected to NSF, the relative pile-soil 
settlement will be the largest because the pile base is essentially prevented from 
moving downwards. Consequently, the induced negative skin friction along the pile 
shaft will be the largest, which could result in a larger influence radius, rm. On the 
other hand, for an end-bearing pile subjected to external axial load at the pile head, the 
mobilized skin friction at the pile-soil interface may be the least as compared to other 
pile toe conditions, resulting in the least rm. This is just the opposite to the case of pile 
subjected to NSF. 
Based on the matching of the results from a discrete element method with those 
from rigorous elastic theories, Lim (1994) proposed an empirical linear distribution of 
rm along the pile shaft in a consolidating soil. For the case of end-bearing piles 
subjected to NSF, the maximum rm at the top of the clay surface can be expressed as 
follows (Lim, 1994): 
 
           (5.5) 
 
where h is the depth of the upper consolidating soil and d is the pile diameter. 
The minimum rm located at the pile toe is expressed as: 
 
           (5.6) 
 
For the case of socketed piles subjected to NSF, the maximum rm at the top of the 
clay can be expressed as (Lim, 1994): 
,




νν −= × − + −
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           (5.7) 
 
where h, d and ν are the same as those in Eq. (5.5); Es and Eb are the average Young's 
modulus of the upper settling soil and the underlying stiff soil, respectively. Parameter 
a is defined as follows: 
 
           (5.8) 
 
where e is the socketed length. The corresponding rm,bottom of the socketed pile can be 
calculated using Eq. (5.6). 
For the present test configuration on end-bearing piles, Eqs. (5.5) and (5.6) can be 
used to readily calculate rm,top = 16.6 m;  rm,bottom = 3.6 m; with an average rm of about 
10.1 m. For the socketed pile case, Eb = 55,000 kPa, average Yong’s modulus of the 
clay layer at the end of surcharge Es = 2700 kPa, socketed length e = 0.64 m. The 
calculated rm,top = 14.8 m;  rm,bottom = 3.1 m; with an average rm of about 8.9 m, which is 
slightly smaller than that of the end-bearing case. Thus, even if the empirical formulae 
proposed by Lim (1994), which give an average rm of 10.l m for end-bearing piles and 
8.9 m for socketed piles, are adopted, the container boundary effect for the present 
study is still deemed to be insignificant in view of the available boundary clearance of 
11 m for the largest pile group in the present study. 
,
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The residual shear stress at the container boundary, τ, can be approximately 
evaluated by the formula established by Randolph and Wroth (1978): 
 
           (5.9) 
 
where τ0 is the shear stress at the pile shaft surface; r0 is the pile radius and r is the 
distance from the pile centre. For the present case with r0 = 0.64 m and r = 11 m, the 
shear stress at the container wall induced by the shear stress at the pile shaft surface, τ 
= r0/r × τ0 = 0.64/11× τ0 = 5.6% τ0. In other word, the shear stress at the location of the 
boundary wall is only 5.6% of the maximum shear stress at the pile-soil interface, 
which is essentially insubstantial. This once again illustrates that the container 
boundary at 11 m from the centre of the perimeter piles of the largest pile group in the 
present study is sufficiently far enough without significant boundary effects. 
5.3   BEHAVIOR OF END-BEARING PILE GROUPS WITH NSF 
Four end-bearing pile group tests comprising 3, 5, 9 and 16 piles were conducted in 
the present study with corresponding test ID of EG-3, EG-5, EG-9 and EG-16, 
respectively. The test results of the 16-pile group in test EG-16 are used to illustrate 
the typical behavior of NSF on an end-bearing pile group. After subjecting the model 
setup to self-weight consolidation for 5 hours at 80g, the model pile group was jacked 
into the soil in-flight until the pile group came in touch with the underlying rigid 
acrylic plate, as schematically shown in Fig. 5.1(a). In each pile group test, a 
potentiometer was mounted at a fixed distance of 12 m (in prototype scale) from the 
center of the pile group; five PPTs were installed at various depths at a fixed distance 
00 rr ×=× ττ
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of 3 m (in prototype scale) from the center of the perimeter piles, as schematically 
shown in section view of Fig. 5.1, or plan view in Fig. 5.4. The installation of the 16-
pile group caused excess pore pressure to be generated as shown in Fig. 5.5. Similar to 
that observed in the single pile tests, the pore pressure also peaked when the pile toes 
reached the respective elevation of the PPTs. Comparing Fig. 5.5 with Fig. 4.7 for a 
single pile, it is evident that the magnitude of excess pore pressure is much larger for 
the pile group. This is expected due to the superposition effect of multiple piles being 
installed simultaneously. The ground heave registered by the potentiometer at 12 m 
from the center of the pile group amounts to about 210 mm at the end of the pile group 
installation (see Fig. 5.5) which is much larger than the 6 mm recorded for the single 
pile (see Fig. 4.7). The ground heave at 12 m from the center of the pile groups 
obtained from various tests are shown in Fig. 5.6, which clearly shows that the ground 
heave increases with the number of piles in a group. 
The increment of axial loads at various elevations along the pile shaft with time 
during the soil re-consolidation, water drawdown and surcharge stages for the 
instrumented corner pile, side pile and inner pile after pile installation is presented in 
Fig. 5.7 for the 16-pile group. In general, the trend of development of dragload for 
piles in a group is similar to that for the single pile. Regardless of pile position, the 
dragloads kept on increasing as soil re-consolidation proceeded with the rate of 
increment reduced with time and tapered off towards the end of the soil re-
consolidation at 162 days after the pile group installation. Subsequently, the expedient 
ground water drawdown of 2 m caused a sudden reduction of dragload along the pile 
shaft, similar to that observed in the single pile tests. The dragload quickly recovered 
again and more or less stabilized at the end of water drawdown stage at 345 days after 
pile group installation as shown in Fig. 5.7. The final stage of the application of 40 kPa 
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surcharge causes a quick surge of dragload along the pile shaft of various piles in the 
group. The dragload continued to increase with time with reducing rate of increment 
and essentially tapered off at 898 days after pile group installation as shown in Fig. 5.7. 
The final dragload profile along the pile shaft for the instrumented corner pile, side 
pile and inner pile at the end of soil re-consolidation, water drawdown and surcharge 
stages can be readily extracted from Fig. 5.7 and plotted in Fig. 5.8. The dragload 
profiles of the end-bearing single pile in the previous test ES presented in Chapter 4 
are plotted as dashed lines in the figure for comparison. By comparing the plots among 
Fig. 5.8(a) to (c), a few important observations can be made readily: 
(1) Regardless of pile position within the pile group, the NSF neutral point in the 
corner pile, side pile and inner pile remains at the pile toe, the same as that 
for the end-bearing single pile. 
(2) For all stages, the corner pile attracts the largest dragload, the inner pile 
attracts the least dragload, with the side pile attracting an intermediate 
dragload. At the end of soil reconsolidation, the downdrag load for the corner 
pile, side pile and inner pile is 395 kN, 356 kN and 306 kN, respectively (see 
Fig. 5.8(a)). At the end of water drawdown stage, the downdrag load for the 
corner pile, side pile and inner pile increase to 443 kN, 379 kN and 339 kN, 
respectively (see Fig. 5.8(b)). The final dragload at the end of surcharge stage 
is 1183 kN, 1099 kN and 1009 kN for the corner pile, side pile and inner pile, 
respectively (see Fig. 5.8(c)).  
(3) During soil re-consolidation and water drawdown stages, tension was 
observed at the pile head for the corner pile, while compression was observed 
at the pile head for the inner pile (see Fig. 5.8(a) and (b)). The larger dragload 
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acting at the corner pile has the tendency to drag the corner pile to move 
more than that of inner pile which experience less dragload. However, the 
rigid pile cap enforces a uniform pile group settlement and thus causes 
tension at the corner pile head and compression at the inner pile head. It 
appears from Fig. 5.8 that the pile-pile interaction through the rigid pile cap 
does not affect the side pile much. It should be noted that the tension at the 
corner pile head at the elevation of original ground level becomes 
compression upon application of surcharge (see Fig. 5.8(c)) which should be 
attributed to the development of downdrag loading on the 2.5-m segment of 
pile shaft shrouded by the surcharge sand piled up above the original ground 
surface. 
(4) Fig. 5.8 evidently shows that the maximum dragload of individual piles 
within the pile group is much smaller than that of the single pile. It is noted 
that various terms have been used by different researchers to denote the pile 
group effects of NSF. For example, Shibata et al. (1982) use the term “group 
efficiency” to denote the ratio of the downdrag load on a pile in a group to 
that of an isolated pile. On the other hand, the term “interaction factor” has 
been used by some researchers to define the reduction of dragload on a pile in 
a group over the dragload on an isolated pile (Teh and Wong, 1995; Chow et 
al. 1996; Jeong and Kim, 1998). The term “group effect” was used by Lee et 
al. (2002) to denote the same meaning. In this study, the term “group 
reduction factor”, and denoted by the symbol GRF, is used to explicitly define 
the reduction of dragload on a pile in a pile group over the dragload on a 
corresponding single pile, namely, 
 





Thus, for a single pile without any group effect, GRF = 0. As the pile number 
increases in a group with enhancing group effects, the reduction of NSF is 
more and GRF becomes larger accordingly.  
The maximum dragload for the single end-bearing pile is 610 kN, 680 kN 
and 1416 kN at the end of soil reconsolidation, water drawdown and 
surcharge stages, respectively, as shown in Fig. 5.8. In view that the dragload 
at the corner pile, side pile and inner pile is 395 kN, 356 kN and 306 kN after 
the soil re-consolidation stage (see Fig. 5.8(a)), GRF for the corner pile, side 
pile and inner pile can thus be determined to be 35%, 41% and 49%, 
respectively. At the end of water drawdown stage, the dragload for the corner 
pile, side pile and inner pile is 443 kN, 379 kN and 339 kN (see Fig. 5.8(b)), 
respectively, resulting in GRF of 35%, 44% and 50% respectively. These 
values are close to those for the previous re-consolidation stage. However, at 
the end of surcharge, the dragload for the corner pile, side pile and inner pile 
becomes 1183 kN, 1099 kN and 1009 kN, respectively (see Fig. 5.8(c)). The 
respective GRF drops substantially to 16%, 22% and 28%, indicating a clear 
tendency of reducing NSF group reduction factor, GRF, with increase of 
surcharge loading. In general, for the present end-bearing 16-pile group, there 
is a difference of about 6~9% of NSF group reduction factor going from 
corner piles to side piles and from side piles to inner piles. 
Dragload on single pile - Dragload on a pile in groupGRF = 
Dragload on single pile
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(5) During the soil re-consolidation and water drawdown stages, the tension at 
the pile head of corner pile tends to offset the load transfer profiles to the 
negative side, while the compression at the pile head of inner pile tends to 
offset the load transfer profiles to the positive side (See Fig. 5.8(a) and (b)). 
The effect is that the rigid pile cap actually moderates the distribution of 
dragloads among the piles in the group. This will make the pile group 
reduction factor among the corner pile, inner pile and side pile more uniform 
than that in the case of a pile group without cap. Further exploration of this 
pile cap moderation effect will be conducted numerically in Chapter 6. 
All the test results in terms of development of downdrag loads with time at various 
elevations along the pile shaft for all the end-bearing pile group tests (test EG-3 to EG-
16) are collated in the Appendix, from which the dragloads for the three test stages for 
the corner piles, side piles and inner piles were extracted and summarized in Table 5.1. 
The corresponding NSF group reduction factor using Eq. (5.10) are also given in the 
table. A visualization of all the pile group test results summarized in Table 5.1 is 
shown in Fig. 5.9. It can be seen that there is a clear trend of decreasing dragload, and 
thus increasing group reduction factor, on a pile in a group with increase in size of a 
pile group. It is noted that such trend tends to taper off when the pile number exceeds 9. 
The dragload and group reduction factor are quite close to each other for the soil re-
consolidation and water drawdown stages. However, with the substantial increment of 
surcharge loading at the surcharge stage, there is a substantially much larger 
mobilization of NSF on the group piles and correspondingly much smaller NSF group 
reduction factors, as shown in Fig. 5.9. By and large, there is a difference of about 
3~9%, with an average of 6% of NSF group reduction factor going from corner piles to 
side piles and from side piles to inner piles. 
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Table 5.1  Measured dragloads and group reduction factors from 












From a practical point of view, it may be sufficient to know the average dragload 
and average NSF group reduction factor to be applied to a pile group without the need 
to examine the certain difference of dragload on individual piles in a pile group. The 
average dragload, Pn,ave, and average NSF group reduction factor are defined as 
follows: 
 
           (5-11) n,corner corner n,side side n,inner innern,ave
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P  = 
Total number of piles in group

















GE-1 1 610 0% / / / / / /
GE-3 3 567 7% / / 522 14% 552 9%
GE-5 5 512 16% / / 429 29% 495 18%
GE-9 9 425 30% 373 38% 355 41% 394 35%

















GE-1 1 680 0% / / / / / /
GE-3 3 584 14% / / 551 19% 573 15%
GE-5 5 521 23% / / 463 32% 509 25%
GE-9 9 468 31% 435 36% 403 41% 446 34%

















GE-1 1 1416 0% / / / / / /
GE-3 3 1276 9% / / 1221 13% 1258 11%
GE-5 5 1259 11% / / 1085 23% 1224 13%
GE-9 9 1197 15% 1148 18% 1050 25% 1159 18%
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          (5-12) 
 
where Pn,corner, Pn,side and Pn,inner are the dragload of the corner pile, side pile and inner 
pile in the pile group, respectively; Ncorner, Nside and Ninner are the number of the corner 
pile, side pile and inner pile in the pile group, respectively; and Pn,single is the dragload 
on the corresponding single pile. The observed average dragload and average NSF 
group reduction factor are tabulated in the last 2 columns of Table 5.1, and plotted in 
Fig. 5.10(a). The results show that the average dragload and average NSF group 
reduction factor decrease with increase in pile group size, but tend to taper off once the 
pile number exceeds nine. 
It should be noted that the measured dragload and NSF pile group reduction factor 
presented in Fig. 5.9 and Fig. 5.10 derived from the present end-bearing pile group 
tests are only applicable to the present specific pile and ground conditions and may not 
be applicable to other conditions. It is believed that the dragload of a pile group 
depends on factors such as the pile slenderness ratio, relative pile-soil stiffness ratio, as 
well as surcharge loading intensity. A generalization of the NSF group reduction factor 
to wider range of pile and soil conditions will be explored numerically in Chapter 6. 
5.4  BEHAVIOR OF SOCKETED PILE GROUPS WITH NSF 
All the soil preparation, pile group configuration as well as instrumentation for the 
socketed pile group tests are essentially the same as those for end-bearing pile group 
tests, except that the rigid acrylic plate has been replaced by a uniform underlying 
dense sand layer, and the pile group was jacked in half a pile diameter (0.64 m in 
n,single n,ave
n,single
P  - P
 Average GRF = 
P
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prototype scale) into the bearing sand layer, as schematically shown in Fig. 5.1(b). 
Four socketed pile group tests comprising 3, 5, 9 and 16 piles were conducted in the 
present study with corresponding test ID of SG-3, SG-5, SG-9 and SG-16, respectively. 
Details of the test results are given in the Appendix. As an illustration, the downdrag 
load profiles along the pile shaft of the corner pile, side pile and inner pile of the 
socketed 16-pile group are plotted in Fig. 5.11, together with the downdrag load 
profiles for the socketed single pile in the previous test SS presented in Chapter 4. It 
can be seen that regardless of pile position in the group and test stage, the NP persists 
at about 90% of the pile length within the settling soils, the same as that for the 
socketed single pile. Comparing the dragload of socketed piles presented in Fig. 5.11 
with those of end-bearing piles in Fig. 5.8, substantially smaller dragloads are induced 
on socketed piles for all pile positions. Using Eq. (5.10), the NSF group reduction 
factor for the corner piles, side pile and inner piles is calculated to be 30%, 36% and 
43%, respectively, at the end of the re-consolidation stage. These values are about 
5~6% lower than those of the corresponding end-bearing piles. At the end of water 
drawdown stage, the respective NSF group reduction factor reduces to 27%, 32% and 
38%, about 8~12% smaller than those of end-bearing piles. At the end of surcharge, 
the NSF group reduction factor drops substantially to 12%, 17% and 24% for the 
corner pile, side pile and inner pile, which is about 5% lower than those of the 
corresponding end-bearing piles. 
The dragloads for all test stages for the corner piles, side piles and inner piles from 
all the socketed pile group tests (test SG-3 to SG-16) are summarized in Table 5.2. The 
corresponding NSF group reduction factor for individual piles in a group determined 
using Eq. (5.10) and average dragload and average group reduction factor calculated 
using Eq. (5.11) and Eq. (5.12) are summarized in Table 5.2 as well. The results are 
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also plotted in Fig. 5.12 which shows a clear trend of decrease in dragload with 
increase in pile size. Again, it is noted that the reduction in dragload appears to taper 
off when the pile number exceeds nine. By and large, there is a difference of about 
1~8%, with an average of 4% of NSF group reduction factor going from corner piles to 
side piles and from side piles to inner pile. Comparing Fig. 5.12 for socketed pile 
groups with Fig. 5.9 for end-bearing pile groups reveals smaller dragloads and smaller 
NSF group reduction factors prevail for the socketed pile groups. By and large, the 
average NSF group reduction factors for the socketed pile groups are about 2~10% 
smaller than those of corresponding end-bearing pile groups with an average value of 
about 5%. 
The reduction in NSF for pile groups would lead to a reduction in induced pile 
group downdrag settlement. However, the pile group settlement measured by the local 
miniature potentiometers mounted on top of the pile cap shows some inconsistent 
readings with some measured pile group settlement due to NSF even larger than that of 
the single socketed pile test-SS presented in Chapter 4. Due to the space constraint at 
the model pile head assembly (see Fig. 3.12), a lever arm has to be extended from the 
pile center for the 2 local miniature potentiometers to mount on so as to measure the 
pile head settlement. It is believed that the susceptibility of the extended lever arm to 
some random twist and tilt movements during a test attributes to the measured 
inconsistent readings of pile head settlement in the present study. 
Again, it should be noted that the measured dragloads and NSF group reduction 
factors presented in Fig. 5.12 and Fig. 10(b) derived from the present socketed pile 
group tests are only applicable to the present specific pile and ground conditions and 
should not be applied indiscriminately to other conditions.  
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Table 5.2  Measured dragloads and group reduction factors from  













5.5 COMPARISON OF MEASURED DRAGLOADS ON PILE GROUPS 
AGAINST EMPIRICAL AND ANALYTICAL ESTIMATIONS 
It is a customary wisdom that less dragload would be developed on pile groups. 
Various simplified empirical methods have been proposed for the evaluation of 

















GS-1 1 507 0% / / / / / /
GS-3 3 497 1% / / 430 15% 475 6%
GS-5 5 466 8% / / 398 21% 452 10%
GS-9 9 368 27% 344 32% 304 40% 350 30%

















GS-1 1 563 0% / / / / / /
GS-3 3 510 9% / / 489 13% 503 10%
GS-5 5 493 12% / / 464 18% 487 13%
GS-9 9 441 22% 394 30% 357 37% 411 27%

















GS-1 1 1188 0% / / / / / /
GS-3 3 1084 8% / / 1028 13% 1065 10%
GS-5 5 1109 6% / / 1011 14% 1089 8%
GS-9 9 969 18% 973 18% 904 23% 964 18%
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pile group test results from the present study can be used readily to evaluate the 
appropriateness of such simplified methods. 
5.5.1  Empirical Methods 
The earliest seminal method of estimating dragload on a pile group was due to 
Terzaghi and Peck (1948). They suggested that the downdrag load on a pile within a 
pile group installed through a fill overlying a layer of soft clay was composed of two 
components. If A represents the area of a horizontal section within the boundary of the 
pile group, n the number of piles in the group, Hf the thickness of the fill, and γ’ its 
effective unit weight, the downdrag load Q’ which acts on each pile due to the weight 
of the fill within the cluster is 
 
    ' ' f
AQ H
n
γ=        (5-13) 
 
On the other hand, the downdrag load due to the consolidating clay can not be 
greater than the product of the thickness of the clay stratum Hc, the circumference L of 
the pile group, and the average shear resistance su of the clay. The maximum value of 
this dragload is 
 
  '' uLHsQ
n
=        (5-14) 
 
Thus, the ultimate dragload on a pile in the pile group, Qn, is the sum of the above 
two components, namely 
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  Qn = Q’ + Q’’       (5-15) 
 
Today, quite a number of design codes adopt Terzaghi and Peck’s approach to 
calculate dragload on pile groups, but with various modifications. For example, instead 
of calculating the downdrag force acting around the perimeter of the pile group by the 
settling clay, the NAVFAC DM 7.02 (1986) and Canadian Foundation Engineering 
Manual (1992) recommend to calculate the effective weight of the settling soils, 
including the fill as well as the underlying soft clay, enclosed within the pile group as 
the total dragload, Qn,total, acting on the pile group, namely: 
 
  , ( ' ' '' '')n totalQ BL D Dγ γ= +      (5-16) 
 
where B and L are the width and length of the pile group, respectively; D’ and D’’ is 
the depth of the fill and compressible soil respectively; γ’ and γ’’ is the effective unit 
weight of the fill and compressible soil respectively. The same formula was used by 
Tomlinson (1994). On the other hand, the Hong Kong Geotechnical Engineering 
Office (1996) adopted a more conservative approach. Besides the dragload calculated 
by Eq. (5-16) above, the downdrag force acting around the perimeter of the pile group 
by the settling clay layer was recommended to be calculated and added to the 
maximum dragload on the pile group. This approach is similar to that used by Bowles 
(1996) as follows: 
 
   'n s f g fQ f L p L Aγ= +        (5-17) 
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where γ’ is the effective unit weight of soil enclosed in the pile group to depth of 
neutral plane Lf, A is the area of pile group enclosed in perimeter pg, fs is the unit skin 
friction to the group perimeter. 
All the above empirical approaches have been illustrated collectively in Fig. 5.13. 
It should be noted that these methods are empirical and does not take into account the 
various important factors such as the different positions of piles within the pile group, 
pile slenderness ratio, pile-soil stiffness ratio, changes in effective stress within the pile 
group, etc. into consideration.   
As an illustrative example, the calculated average dragload per pile on the end-
bearing 16-pile group of the centrifuge model test EG-16 at the three test stages, 
namely soil re-consolidation stage, water drawdown stage and surcharge stage, were 
worked out in detail using the above various empirical methods as shown in Table 5.3. 
A summary of all the calculated average dragload per pile for various end-bearing pile 
groups is summarized in Table 5.4. The measured average dragload from the 
centrifuge model tests presented earlier are collated in the same table for comparison. 
A visualization of all the data in table 5.4 was presented in Fig. 5.14. It is evident 
that both empirical methods proposed by HK GEO (1996) and Terzaghi & Peck (1948) 
grossly over-estimate the dragload on the pile group by a range of 111%~321% and 
41%~186%, respectively. On the other hand, the empirical methods proposed by 
NAFAC DM7 (1986) and Canadian FE Manual (1978) fare slightly better with an 
accuracy ranging from -70% to 144%. In general, all the empirical methods for the 
estimation of dragload on end-bearing pile groups appear unsatisfactory as compared 
to the measured values from the present study. 
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Likewise, a summary of all the calculated and measured average dragload for the 
various socketed pile groups in the centrifuge tests is shown in Table 5.5 and plotted in 
Fig. 5.15. Similar to end-bearing pile groups, All the empirical methods appear 
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A B C D
S/N Parameter Magnitude Unit
[1] Thickness of fill before surchage, L1_1 2.0 m
[2] Thickness of fill after surchage, L1_2 4.5 m
[3] Thickness of clay layer, L2 14 m
[4] Average bulk unit weight of clay before surchage, γ2 15.3 kN/m3
[5] Average bulk unit weight of clay after surchage, γ3 15.8 kN/m3
[6] Saturated unit weight of top sand layer, γ1 18.2 kN/m3
[7] Bulk unit weight of top sand layer after water drawdown, γ2 14.1 kN/m3
[8] Dry density of surchage, γds 16.0 kN/m3
[9] Total weight of surchage, Ws = 45200 kN 
[10] Plan area of container in prototype scale, Ac = 33.6 × 33.6 m2
[11] Pile group width, Lg = 12.8 m
[12] Pile group perimtere, Pg = 51.2 m
[13] Pile group plan area within perimeter, Ag = 163.8 m
2
[14] Cross sectional area of 16 piles, Ap = 20.6 m
2
[15] Net soil section area within pile group, As = 143.3 m
2
[16] (1) Effective weight of fill within pile group perimeter, Q1
End of re-consolidation stage =
C15*C1*(C6-9.81) 2404 kN
End of water drawdown stage =
C15*C1*C7 4040 kN
End of surchage stage =
C15*C1*C7+C15/(C10-C14)*C9 9882 kN
[17] (2) Effective weight of clay within the pile group, Q2
End of re-consolidation stage =
C15*C3*(C4-9.81) 11010 kN
End of water drawdown stage =
C15*C3*(C4-9.81) 11010 kN
End of surchage stage =
C15*C3*(C5-9.81) 12013 kN
[18] (3) Dragload of fill around pile group perimeter, Q3
End of re-consolidation stage = 206 kN
End of water drawdown stage = 347 kN
End of surchage stage = 2035 kN
[19] (4) Dragload of clay around pile group perimeter, Q4
End of re-consolidation stage =
(By integration of clay shear strength in Fig. 4.2(a)) 10190 kN
End of water drawdown stage =
(C35 * 1.1/0.95) 11799 kN
End of surchage stage =
(By integration of clay shear strength in Fig. 4.2(a)) 15007 kN









(Terzaghi and Peck, 1948) 787 kN 989 kN 1555 kN
(Q1 + Q2)/16
(NAFAC DM7, 1986; Canadian FE Manual, 1978; Tomlinson, 1993) 838 kN 940 kN 1368 kN
(Q1 + Q2 + Q3 + Q4)/16
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3-pile group 5-pile group 9-pile group 16-pile group
552 495 394 353
Magnitude (kN) 1401 1197 920 787
Accuracy (%) 153 % 141 % 133 % 122 %
Magnitude (kN) 237 722 714 838
Accuracy (%) -58 % 45 % 81 % 137 %
Magnitude (kN) 1623 1812 1523 1488
Accuracy (%) 194 % 265 % 286 % 321 %
Magnitude (kN) 644 584 585 571
Accuracy (%) 16 % 17 % 48 % 61 %
573 509 446 385
Magnitude (kN) 1644 1454 1132 989
Accuracy (%) 186 % 185 % 153 % 156 %
Magnitude (kN) 266 811 801 940
Accuracy (%) -54 % 59 % 79 % 144 %
Magnitude (kN) 1885 2084 1746 1699
Accuracy (%) 228 % 309 % 291 % 341 %
Magnitude (kN) 772 696 697 679
Accuracy (%) 34 % 36 % 56 % 76 %
1258 1224 1159 1098
Magnitude (kN) 2174 2102 1691 1555
Accuracy (%) 72 % 71 % 45 % 41 %
Magnitude (kN) 386 1175 1164 1368
Accuracy (%) -70 % -5 % 0 % 24 %
Magnitude (kN) 2658 2962 2489 2433
Accuracy (%) 111 % 141 % 114 % 121 %
Magnitude (kN) 1260 1127 1129 1098
Accuracy (%) 0 % -8 % -3 % 0 %
PILE GROUPS
Measured Average Dragload (kN)




Measured Average Dragload (kN)
NAFAC DM7 (1986); 
Canadian FE Manual (1978) 














Terzaghi and Peck (1948)
NAFAC DM7 (1986); 
Canadian FE Manual (1978) 








Terzaghi and Peck (1948)
NAFAC DM7 (1986); 
Canadian FE Manual (1978) 








Measured Average Dragload (kN)
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5.4.2  Analytical Methods 
Zeevaert (1959) was the first to propose an analytical method to calculate the 
reduction in vertical effective stress along the pile shaft due to NSF and its effects on 
the reduction of dragload on piles within a large pile group. Zeevaert’s original 
3-pile group 5-pile group 9-pile group 16-pile group
475 452 350 321
Magnitude (kN) 1154 1003 776 671
Accuracy (%) 143 % 121 % 121 % 109 %
Magnitude (kN) 216 722 651 764
Accuracy (%) -55 % 59 % 85 % 138 %
Magnitude (kN) 1355 1618 1316 1298
Accuracy (%) 185 % 257 % 275 % 304 %
Magnitude (kN) 540 493 494 483
Accuracy (%) 13 % 9 % 41 % 50 %
503 487 411 382
Magnitude (kN) 1358 1230 966 855
Accuracy (%) 169 % 152 % 135 % 123 %
Magnitude (kN) 245 811 739 866
Accuracy (%) -52 % 66 % 79 % 126 %
Magnitude (kN) 1579 1859 1516 1491
Accuracy (%) 213 % 281 % 269 % 290 %
Magnitude (kN) 656 597 598 584
Accuracy (%) 30 % 22 % 45 % 52 %
1065 1089 964 991
Magnitude (kN) 1853 1849 1503 1404
Accuracy (%) 73 % 69 % 55 % 41 %
Magnitude (kN) 363 1175 1095 1287
Accuracy (%) -66 % 7 % 13 % 29 %
Magnitude (kN) 2314 2710 2233 2202
Accuracy (%) 117 % 148 % 131 % 122 %
Magnitude (kN) 1260 1127 991 966







Terzaghi and Peck (1948)
NAFAC DM7 (1986); 
Canadian FE Manual (1978) 














Terzaghi and Peck (1948)
NAFAC DM7 (1986); 
Canadian FE Manual (1978) 
HK GEO (1998); 
Bowles (1995)
PILE GROUPS
Measured Average Dragload (kN)




Measured Average Dragload (kN)
NAFAC DM7 (1986); 
Canadian FE Manual (1978) 
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derivation is illustrated below with certain symbols being updated with current practice. 
An introduction of surcharge load, q0, on the ground surface has also been added to the 
present derivation for more generality. 
As shown in Fig. 5.16, the transfer of effective vertical stress with depth assuming 
the pile is infinitely rigid in comparison with the soil can be expressed by means of the 
equilibrium equation as follows: 
 





)''( 0 =−σσ       (5-18) 
 
where σ0z’ is the initial in-situ vertical effective stress at depth z, σvz’ is the reduced 
effective vertical stress at depth z due to NSF, n’ is the number of piles per unit surface 
area, C is the perimeter of one pile, and fn is the unit negative skin friction on piles, 
which can be expressed by the effective stress method (β-method) as 
 
  'vznf βσ=        (5-19) 
 





d z        (5-20) 
 
where γ’ is the effective unit weight of the soil. 
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' γβσσ =+ vzvz Cndz
d
      (5-22) 
 
The above 1st order one-dimensional ordinary differential equation can be readily 
solved with the boundary condition: 
 
  At z = 0,  0' qvz =σ       (5-23) 
 








γσ −− −+=     (5-24) 
 
which is the final reduced effective vertical stress due to the effect of NSF, as 
schematically illustrated in Fig. 5.16(b). 
The NSF on a pile group based on the reduced effective vertical stress can be 
calculated accordingly as follows: 







n n vzF f Cdz Cdzβσ= =∫ ∫      (5-25) 
 
Substitution of Eq. (5-24) into Eq. (5-25) and with certain transformation lead to: 
 
 ' '0 0
1 '( ' (1 ))
' '
n C H n C H
nF q H q e en n C
β βγγ β
− −= + − − −   (5-26) 
 
Zeevaert’s approach considered the reduced effective stress due to NSF within a 
large pile group, which leads to a reduced downdrag load on piles within the pile group 
as compared to a single pile. Strictly speaking, the derivation of Eq. (5-26) renders it 
theoretically only applicable to the case of a pile located “at the central part of a large 
group of piles uniformly distributed” (Zeevaert, 1959). For the case of a pile group 
with finite pile number and to take into account the different dragload for piles at 
different positions of a pile group, Shibata (1982) extended Zeevaert’s work and 
introduced an “effective pile number”, n, as schematically illustrated in Fig. 5.17. 
Essentially, the parameter n is the effective pile number enclosed within an elementary 
section of 2L × 2L (L is the pile spacing) with the pile under consideration at the center. 
For example, when considering a corner pile like pile No. 1 in Fig. 5.17(a), there are 4 
piles (pile Nos. 1, 2, 5, and 6) and 5 fictitious piles within 2L × 2L section enclosing 
pile No. 1 at the center. However, pile No. 2 and No. 5 only contribute half the surface 
and pile No.6 only one-quarter within the elementary section. Therefore, totally there 
are 2.25 effective pile number including pile No. 1 enclosed by the 2L × 2L section. 
The same concept applies to other piles within the pile group as shown in Fig. 5.17. 
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By going through a derivation essentially similar to the work of Zeevaert (1959) as 
elaborated above, but using the introduced effective pile number, n, the dragload for a 




1 exp( ) exp( ) 1[ ] '[ ]n n nF D z p D z
χ χ χπ β π β γχ χ
− − + − −= +   (5-27) 
 
in which 
    2




πβχ π= −       (5-28) 
 
where p is the surcharge loading on ground surface; γ’ is the effective unit weight. Zn 
is the depth of neutral plane; L and D is the pile spacing and diameter respectively. 
The effect of pile location on the different dragloads on the respective piles was 
captured by the different effective pile number, n, as illustrated in Fig. 5.17. It can be 
seen from Fig. 5.17 that using such approach, the pile number, n, remains unchanged 
for the corner piles, side piles and inner piles regardless of number of piles within a 
pile group when the number of piles are larger than 9. As such, Shibata’s method 
implies that group effects remains constant after pile number exceeds 9, which, 
although idealized and approximate, is coincidently in line with the observation of 
present centrifuge tests that NSF group reduction factor essentially tapers off when the 
pile number exceeds 9. 
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Shibata’s analytical solution in the form of Eq. (5.27) and (5.28) were utilized to 
calculate the dragload on the piles at various positions within a pile group for all the 
end-bearing pile groups of the centrifuge model tests as tabulated in Table 5.6 and for 
all the socketed pile groups as tabulated in Table 5.7. The calculated average dragloads 
are denoted by hollow circles in Fig. 5.14 and Fig. 5.15 for end-bearing and socketed 
pile groups, respectively.  
It can be seen from Figs. 5.14 and 5.15 that the calculated dragloads by Shibata’s 
analytical solution generally over-estimate the measured values, but compare much 
more favorably than all the empirical methods presented earlier. For the soil re-
consolidation stage, the accuracy ranges from 16% to 61% for the end-bearing pile 
groups and 13% to 50% for the socketed pile groups. For the water drawdown stage, 
the accuracy ranges from 34% to 76% for the end-bearing pile groups and 22% to 52% 
for the socketed pile groups. For the surcharge stage, the calculated dragloads match 
much better with the measured values with the accuracy ranges from -8% to 0% for the 
end-bearing pile groups and -3% to 18% for the socketed pile groups. The much better 
accuracy of Shibata’s analytical solution in the form of Eq. (5.27) and Eq. (5.28) is 
essentially attributed to the fundamental approach adopted in the formulation of the 
dragloads on a pile group that the reduction of dragloads on a pile within a pile group 
was caused by the reduction in effective vertical stresses within the pile group due to 
NSF. Such approach actually captures the fundamental mechanism of pile group 
effects as will be revealed by examining the effective stress regime within the pile 
group with the aid of 3D FEM analysis to be presented in Chapter 6. 
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Take top sand as surcharge, p = 16.8 kPa Take top sand as surcharge, p = 28.2 kPa Take top sand as surcharge, p = 68.2 kPa
Neutral depth from clay surface, Zn = 14 m Neutral depth from clay surface, Zn = 14 m Neutral depth from clay surface, Zn = 14 m
β value = 0.24 β value = 0.24 β value = 0.24
Pile diameter, D= 1.28 m Pile diameter, D= 1.28 m Pile diameter, D= 1.28 m
Pile spacing, L = 3D 3.84 m Pile spacing, L = 3D 3.84 m Pile spacing, L = 3D 3.84 m
Average effective unit weight of clay, γ ' = 5.5 kN/m3 Average effective unit weight of clay, γ ' = 5.5 kN/m3 Average effective unit weight of clay, γ ' = 6.0 kN/m3
(1) 9-pile and 16-pile group
Inner piles Inner piles Inner piles
effective pile number, n = 4 effective pile number, n = 4 effective pile number, n = 4
Parameter χ by Eq. (5.28) = 1.004 Parameter χ by Eq. (5.28) = 1.004 Parameter χ by Eq. (5.28) = 1.004
Dragload by Eq. (5.27) = 525 kN Dragload by Eq. (5.27) = 622 kN Dragload by Eq. (5.27) = 998 kN 
Side piles Side piles Side piles
effective pile number, n = 3 effective pile number, n = 3 effective pile number, n = 3
Parameter χ by Eq. (5.26) = 0.735 Parameter χ by Eq. (5.26) = 0.735 Parameter χ by Eq. (5.26) = 0.735
Dragload by Eq. (5.25) = 573 kN Dragload by Eq. (5.25) = 682 kN Dragload by Eq. (5.25) = 1102 kN 
Corner piles Corner piles Corner piles
effective pile number, n = 2.25 effective pile number, n = 2.25 effective pile number, n = 2.25
Parameter χ by Eq. (5.28) = 0.542 Parameter χ by Eq. (5.28) = 0.542 Parameter χ by Eq. (5.28) = 0.542
Dragload by Eq. (5.27) = 612 kN Dragload by Eq. (5.27) = 731 kN Dragload by Eq. (5.27) = 1188 kN 
Average dragload for 9-pile group = 585 kN Average dragload for 9-pile group = 697 kN Average dragload for 9-pile group = 1129 kN 
Average dragload for 16-pile group = 571 kN Average dragload for 16-pile group = 679 kN Average dragload for 16-pile group = 1098 kN 
(2) 5-pile group
Inner piles Inner piles Inner piles
effective pile number, n = 2 effective pile number, n = 2 effective pile number, n = 2
Parameter χ by Eq. (5.26) = 1.004 Parameter χ by Eq. (5.26) = 1.004 Parameter χ by Eq. (5.26) = 1.004
Dragload by Eq. (5.25) = 525 kN Dragload by Eq. (5.25) = 622 kN Dragload by Eq. (5.25) = 998 kN 
Corner piles Corner piles Corner piles
effective pile number, n = 1.25 effective pile number, n = 1.25 effective pile number, n = 1.25
Parameter χ by Eq. (5.28) = 0.606 Parameter χ by Eq. (5.28) = 0.606 Parameter χ by Eq. (5.28) = 0.606
Dragload by Eq. (5.27) = 599 kN Dragload by Eq. (5.27) = 714 kN Dragload by Eq. (5.27) = 1159 kN 
Average dragload for 5-pile group = 584 kN Average dragload for 5-pile group = 696 kN Average dragload for 5-pile group = 1127 kN 
(3) 3-pile group
Inner piles Inner piles Inner piles
effective pile number, n = 2 effective pile number, n = 2 effective pile number, n = 2
Parameter χ by Eq. (5.28) = 0.479 Parameter χ by Eq. (5.28) = 0.479 Parameter χ by Eq. (5.28) = 0.479
Dragload by Eq. (5.27) = 626 kN Dragload by Eq. (5.27) = 748 kN Dragload by Eq. (5.27) = 1218 kN 
Corner piles Corner piles Corner piles
effective pile number, n = 1.5 effective pile number, n = 1.5 effective pile number, n = 1.5
Parameter χ by Eq. (5.28) = 0.355 Parameter χ by Eq. (5.28) = 0.355 Parameter χ by Eq. (5.28) = 0.355
Dragload by Eq. (5.27) = 654 kN Dragload by Eq. (5.27) = 784 kN Dragload by Eq. (5.27) = 1281 kN 
Average dragload for 3-pile group = 644 kN Average dragload for 3-pile group = 772 kN Average dragload for 3-pile group = 1260 kN 
RE-CONSOLIDATION STAGE WATER DRAWDOWN STAGE SURCHARGE STAGE
Chapter 5 – NSF on pile groups 
 203










Take top sand as surcharge, p = 16.8 kPa Take top sand as surcharge, p = 28.2 kPa Take top sand as surcharge, p = 68.2 kPa
Neutral depth from clay surface, Zn = 12.5 m Neutral depth from clay surface, Zn = 12.5 m Neutral depth from clay surface, Zn = 12.5 m
β value = 0.24 β value = 0.24 β value = 0.24
Pile diameter, D= 1.28 m Pile diameter, D= 1.28 m Pile diameter, D= 1.28 m
Pile spacing, L = 3D 3.84 m Pile spacing, L = 3D 3.84 m Pile spacing, L = 3D 3.84 m
Average effective unit weight of clay, γ ' = 5.5 kN/m3 Average effective unit weight of clay, γ ' = 5.5 kN/m3 Average effective unit weight of clay, γ ' = 6.0 kN/m3
(1) 9-pile and 16-pile group
Inner piles Inner piles Inner piles
effective pile number, n = 4 effective pile number, n = 4 effective pile number, n = 4
Parameter χ by Eq. (5.26) = 0.896 Parameter χ by Eq. (5.26) = 0.896 Parameter χ by Eq. (5.26) = 0.896
Dragload by Eq. (5.25) = 447 kN Dragload by Eq. (5.25) = 538 kN Dragload by Eq. (5.25) = 886 kN 
Side piles Side piles Side piles
effective pile number, n = 3 effective pile number, n = 3 effective pile number, n = 3
Parameter χ by Eq. (5.26) = 0.657 Parameter χ by Eq. (5.26) = 0.657 Parameter χ by Eq. (5.26) = 0.657
Dragload by Eq. (5.25) = 485 kN Dragload by Eq. (5.25) = 586 kN Dragload by Eq. (5.25) = 970 kN 
Corner piles Corner piles Corner piles
effective pile number, n = 2.25 effective pile number, n = 2.25 effective pile number, n = 2.25
Parameter χ by Eq. (5.26) = 0.484 Parameter χ by Eq. (5.26) = 0.484 Parameter χ by Eq. (5.26) = 0.484
Dragload by Eq. (5.25) = 515 kN Dragload by Eq. (5.25) = 624 kN Dragload by Eq. (5.25) = 1039 kN 
Average dragload for 9-pile group = 494 kN Average dragload for 9-pile group = 598 kN Average dragload for 9-pile group = 991 kN 
Average dragload for 16-pile group = 483 kN Average dragload for 16-pile group = 584 kN Average dragload for 16-pile group = 966 kN 
(2) 5-pile group
Inner piles Inner piles Inner piles
effective pile number, n = 2 effective pile number, n = 2 effective pile number, n = 2
Parameter χ by Eq. (5.26) = 0.896 Parameter χ by Eq. (5.26) = 0.896 Parameter χ by Eq. (5.26) = 1.004
Dragload by Eq. (5.25) = 447 kN Dragload by Eq. (5.25) = 538 kN Dragload by Eq. (5.25) = 998 kN 
Corner piles Corner piles Corner piles
effective pile number, n = 1.25 effective pile number, n = 1.25 effective pile number, n = 1.25
Parameter χ by Eq. (5.26) = 0.541 Parameter χ by Eq. (5.26) = 0.541 Parameter χ by Eq. (5.26) = 0.606
Dragload by Eq. (5.25) = 505 kN Dragload by Eq. (5.25) = 611 kN Dragload by Eq. (5.25) = 1159 kN 
Average dragload for 5-pile group = 493 kN Average dragload for 5-pile group = 597 kN Average dragload for 5-pile group = 1127 kN 
(3) 3-pile group
Inner piles Inner piles Inner piles
effective pile number, n = 2 effective pile number, n = 2 effective pile number, n = 2
Parameter χ by Eq. (5.26) = 0.428 Parameter χ by Eq. (5.26) = 0.428 Parameter χ by Eq. (5.26) = 0.479
Dragload by Eq. (5.25) = 525 kN Dragload by Eq. (5.25) = 638 kN Dragload by Eq. (5.25) = 1218 kN 
Corner piles Corner piles Corner piles
effective pile number, n = 1.5 effective pile number, n = 1.5 effective pile number, n = 1.5
Parameter χ by Eq. (5.26) = 0.317 Parameter χ by Eq. (5.26) = 0.317 Parameter χ by Eq. (5.26) = 0.355
Dragload by Eq. (5.25) = 547 kN Dragload by Eq. (5.25) = 665 kN Dragload by Eq. (5.25) = 1281 kN 
Average dragload for 3-pile group = 540 kN Average dragload for 3-pile group = 656 kN Average dragload for 3-pile group = 1260 kN 
RE-CONSOLIDATION STAGE WATER DRAWDOWN STAGE SURCHARGE STAGE
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5.6   CONCLUDING REMARKS 
Good test data of NSF on pile groups has been few and far between in the literature. 
Building on the success of the model tests on single piles, the present study has extended 
the centrifuge model tests to both end-bearing and socketed pile groups consisted of 3, 5, 
9 and 16 piles. The adoption of sensitive semi-conductor strain gauges and full 
Wheatstone bridge circuit for the instrumentation of the model piles enable high 
signal/noise ratio and immunity of adverse thermal effects, assuring test data of high 
quality to be obtained, which help greatly to discern the subtle difference of NSF among 
piles at different positions within a pile group. 
In general, for the end-bearing pile groups, there is an increase of about 6% of NSF 
group reduction factor going from corner piles to side piles, and from side piles to inner 
piles. Such discrepancy of dragloads on piles bears its implication of developing tension 
at the pile head for the corner pile, but compression at the pile head for the inner pile due 
to enforcement of uniform pile group settlement imposed by the rigid pile cap. Such 
tension load at the pile head of corner pile offsets the load transfer profile curve to the 
negative side, while the compression at the pile head of inner pile offsets the load transfer 
profile curve to the positive side. The final effect is that the rigid pile cap moderates the 
distribution of dragload among the piles in the capped pile group. 
Comparison of dragload and NSF group reduction factor among pile groups reveals a 
clear trend of decreasing dragload with increasing pile group size. However, such 
reduction of dragload, and accordingly the increase of NSF group reduction factor, tends 
to taper off when the pile number within a pile group exceeds 9.  
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The NP for socketed pile groups was observed to persists at about 90% of the pile 
length within the settling soils, the same as that for the socketed single pile. Also, test 
data revealed a general increment of about 4% of group factor going from corner piles to 
side piles, and from side piles to inner piles. Similar to the end-bearing pile groups, the 
NSF group reduction factors have a clear trend of decreasing with the increasing number 
of piles in a pile group. Again, it can be noted that the reduction of dragload, and 
accordingly the increase of NSF group reduction factor, tends to taper off when the pile 
number in a pile group exceeds nine. By and large, the average NSF group reduction 
factor for the socketed pile groups is on average about 5% smaller than those of the end-
bearing pile group. 
The test data of NSF on end-bearing and socketed pile groups serves as a good test of 
various empirical and analytical methods available in practice in evaluating dragload on 
pile groups. Comparison of the calculated and measured data reveals gross over-
estimation of dragloads by 41%~304% by the empirical methods. On the other hand, 
Shibata’s analytical solution based on the reduction in vertical effective stress of soil 





















Fig. 5.1  Typical model setup for (a) end-bearing 4×4 pile group; and (b) socketed 
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Fig. 5.3   (a) Samples of pile caps used for pile group tests; and (b) a post-test 16-pile group 
connected by a rigid pile cap with openings

































































































Fig. 5.6  Ground heave at 12m from pile group center during pile group installation 
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(b) Side pile 
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(c) Inner pile 
 
 
Fig. 5.7  Increment of axial forces at various elevations of the (a) corner pile; (b) side 
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                         (a) Re-consolidation                                              (b) Water drawdown                                                 (c) Surcharge stage 
      
 
 



























































































































































(c) For inner pile 
 
Fig. 5.9  Variation of measured dragload and group reduction factor for the (a) corner  
piles; (b) side piles and (c) inner piles in end-bearing pile groups
0 2 4 6 8 10 12 14 16 18


















0 2 4 6 8 10 12 14 16 18



























0 2 4 6 8 10 12 14 16 18


















0 2 4 6 8 10 12 14 16 18























0 2 4 6 8 10 12 14 16 18


















0 2 4 6 8 10 12 14 16 18

































































Fig. 5.10  Variation of measured averaged dragload and group reduction factor with 
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(c) For inner pile 
 
Fig. 5.12  Variation of dragloads and group factors with number of piles for (a) corner 
pile; (b) side pile and (c) inner pile within socketed pile groups 
0 2 4 6 8 10 12 14 16 18


















0 2 4 6 8 10 12 14 16 18



























0 2 4 6 8 10 12 14 16 18


















0 2 4 6 8 10 12 14 16 18























0 2 4 6 8 10 12 14 16 18


















0 2 4 6 8 10 12 14 16 18




















































































(1) Effective weight of 
fill within pile group 
perimeter, 
Q1=AgL1γ1’ 
(3) Dragload of fill around 
pile group perimeter, 
 
Q3=PgL1fs1 
(4) Dragload of clay around 
pile group perimeter, 
 
Q4=PgL2fs2 
(2) Effective weight of clay 
within pile group perimeter, 
 
Q2=AgL2γ2’ 
Plan area within pile 
group perimeter = Ag 














1 Terzaghi and Peck (1948) Q1 + Q4
2
NAFAC DM7 (1986); Tomlinson (1993); Canadian 
Foundation Engineering Manual (1992) Q1 + Q2  
3 Bowles (1995); HK GEO (2006) Q1 + Q2 + Q3 + Q4
















































(c) Surcharge stage 
Fig. 5.14  Calculated dragload against measured values for end-bearing pile groups at 
(a) re-consolidation stage; (b) water drawdown stage; and (c) surcharge stage 
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(a) Surcharge stage 
 
Fig. 5.15  Calculated dragload against measured values for socketed pile groups at (a) 
re-consolidation stage; (b) water drawdown stage; and (c) surcharge stage 
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Fig. 5.16  Schematic of  (a) large pile group subject to surcharge loading; and (b) 

























Fig. 5.17  Illustration of Shibata’s effective pile number n 
(a) example of pile group; (b) elementary section; and (c) list of n-values 
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6.1   INTRODUCTION 
Despite the great advantages over prototype field testing, conducting centrifuge 
model tests is still a tedious endeavour which may run to its limit at certain stage. This 
is especially so in terms of currently available instrumentation technology which does 
not allow the simultaneous measurement of all the desired parameters in centrifuge 
tests. In this chapter, numerical analyses will be utilized to complement the centrifuge 
model tests to achieve a better understanding on the mechanisms of NSF on piles. 
Once the numerical tool is calibrated against centrifuge model test data, it is used to 
conduct more extensive parametric studies on some important issues observed in the 
centrifuge model tests and turn the understandings into practical use. 
Geotechnical FEM software package, PLAXIS, was utilized for the present 
numerical investigation. PLAXIS is a suite of geotechnical finite element software, 
comprising PLaxis-2D, Plaxis-3D Foundation, Plaxis-3D Tunnel and PlaxiFlow, for 
two-dimensional, axisymmetric and three-dimensional FEM analysis of deformation, 
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stability and groundwater flow in geotechnical problems. Plaxis equips with various 
advanced soil constitutive models to simulate the non-linear and time-dependent 
behaviour of soils. One noteworthy point is that Plaxis explicitly separate the pore 
pressure into two components, namely hydrostatic pore pressure defined by the 
explicitly specified water table, and excess pore pressure governed by the Biot 
consolidation process. Such treatment of pore pressure regime within a FEM domain 
may render the explicit definition of water table across the FEM domain somehow 
arbitrary in the case of abrupt change of water heads across the FEM domain, as in the 
case of deep excavation with high water head at the retained side and lower water head 
at the excavated side. In such cases, it may be more appropriate to let the pore pressure 
to be governed entirely by Biot consolidation process. However, when it comes to a 
problem involving uniform lowering of phreatic level across the FEM domain, as in 
the present centrifuge model tests, the way Plaxis processes the pore pressure regime 
turns out to be very convenient in simulating the water drawdown, as will be 
elaborated later in this Chapter. Another advantage is that Plaxis provides a user-
friendly interface element to simulate the interaction between structures and soils, 
which turns out to be crucial in the simulation of negative skin friction at the pile-soil 
interface in the present study. In general, the simulation of NSF on single piles was 
conducted by axisymmetric configuration in Plaxis-2D; while Plaxis-3D Foundation 
was utilized for the simulation of NSF on pile groups since the problem is highly 
three-dimensional in nature (Plaxis 2D manual, 2004; Plaxis 3D Foundation manual, 
2005). It should be noted that only numerical simulation of NSF on end-bearing piles 
and socketed piles were conducted in the present study. The numerical simulation of 
NSF on floating piles was not attempted as such piles are not commonly used in 
practice. 
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6.2 NSF ON END-BEARING SINGLE PILES 
6.2.1  FEM Mesh and Soil Properties 
Fig. 6.1 shows the axisymmetric configuration for the back-analysis of the end-
bearing single pile using Plaxis-2D, which is essentially a replication of the centrifuge 
model test ES presented in Chapter 4. The FEM mesh features 1880 number of 15- 
node cubic strain triangular elements with 12 stress points for each element. Very fine 
elements are deployed adjacent to the pile, while relatively coarser elements are used 
at far field areas. The soil profile is a replication of the model setup in prototype scale 
with 2m-thick top sand layer overlying the soft clay layer of 14 m thickness on top of 
the base sand layer. The surcharge sand was simulated as solid elements instead of 
simplified uniformly distributed loads (UDL) in the FEM mesh such that induced 
dragloads on the pile shaft within the 2.5m-thick surcharge sand above the original 
ground surface can be captured as well. The radius of the pile is 0.64 m resting on top 
of the rigid end-bearing stratum. As shown in the inset of Fig. 6.1, interface elements 
are deployed along the pile-soil interface. The right-hand side and left-hand side 
boundaries are set as roller-type condition to restrain lateral movement while allowing 
free vertical settlement. Total fixity is applied to all the nodes along the bottom 
boundary. Consolidation is prohibited along all the boundaries except the top surface 
which allows free dissipation of excess pore pressure in the case of consolidation 
analysis. 
The soil parameters used in the numerical analyses are given in Table 6.1. While 
the properties of the sand layers were mainly derived from standard laboratory tests, 
the parameters of the Malaysian kaoline clay can be readily obtained by reference to 
the substantial database accumulated over the last decade in the testing of the clay in 
the NUS Centre for Soft Ground Engineering (see for example, Liao, 2001; 
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γbulk c’ φ’  ν’ k λ κ M eint φ'int c'int
(kN/m3) (kPa) (°) (m/s) - - - - (°) (kPa)
Top sand layer
 Mohr Coulomb
(MC model) 18.2  0.1 30.0 0.30 1.0E-04 - - - - 29.2 0.1
 Modified Cam Clay
(MCC model) 15.5 - - - 2E-08 0.25 0.05 0.94 1.72 17.3 0.1
 Mohr Coulomb
(MC model) 15.5  0.1 24.0
Before surcharge 




 ΔE'=180 0.35 2E-08 - - - - 24.0 0.1
Base sand layer
 Mohr Coulomb




(MC model) 16.0  0.1 35.0 0.30 1.0E-04 - - - - 29.2 0.1
Pile  Linear elastic 9.5* - - 0.20 - - - - - - -
End-bearing 
Perspex  Linear elastic 24.0 - - 0.20 - - - - - - -
* Taking into account the hollow within the model pile
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Thanadol, 2002; and Goh, 2003). The sand layers, due to its much less prominence of 
nonlinearity, can be reasonably simulated by the elastic-perfectly-plastic Mohr-
Coulomb model. Both the Modified Cam Clay (MCC) model and Mohr-Coulomb 
(MC) model are used for the soft clay layer for comparison. Certain adjustment of the 
critical state soil parameters within the typical range of the measured values tabulated 
in Table 3.2 are required in order to match the measured clay settlement in the present 
model tests. In particular, a proper definition for the interface elements at the pile-soil 
interface is crucial, as elaborated in the upcoming section. 
6.2.2  Interface Elements for Pile-soil Interaction 
Recently, Lee et al. (2002) has demonstrated that in the numerical simulation of 
problems involving NSF, the incorporation and proper definition of interface elements 
along the pile-soil interface is a dominant factor for a correct capturing of NSF 
numerically. Lack of such interface elements such as those methods using elastic 
models generally leads to excessive overestimation of NSF. Plaxis furnishes a facility 
of applying interface elements along the pile-soil interface (see Fig. 6.1) to simulate 
the soil-structure interaction. The interface element was assigned a 'virtual thickness' 
which is an imaginary dimension used to separate the pile and the adjacent soil. The 
behaviour of the interface element is governed by the Coulomb criterion to distinguish 
between elastic behavior and plastic behavior when permanent slip occurs. 
The ultimate negative skin friction at the pile-soil interface, fn,ult, is dictated by 
 
         (6.1) 
 
, int int' tan ' 'n ult hf cσ ϕ= +
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where σh’ is the normal effective stress on the interface element (or horizontal 
effective stress in the case of a vertical pile) and c’int and φ’int are the effective friction 
angle and effective cohesion of the interface element, respectively. For the interface to 
remain elastic without full mobilization of skin friction, the interface shear stress τ 
should satisfy  
         (6.2) 
 
and for plastic behavior, τ is given by: 
         (6.3) 
When negative skin friction at the pile-soil interface reaches the value defined by 
Eq. (6.1), negative skin friction will be fully mobilized and permanent slip between 
the soil and the pile occurs.  
The effective horizontal stress σh’ can be related to the vertical effective stress σv’ 
by the coefficient of earth pressure upon loading, k, as follows: 
 
       (6.4) 
Substituting Eq. (6.4) into Eq. (6.1) leads to 
 
         (6.5) 
Using the effective stress method, negative skin friction can be related to the 
effective vertical stress σv’ by the coefficient β as 
, int int' tan ' 'n ult vf k cσ φ= +
ultnf ,<τ
' 'h vkσ σ=
ultnf ,=τ
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         (6.6) 
 
Combining Eqs. (6.5) and (6.6) and ignoring the negligible term c’int, leads to the 
following definition of effective friction angle at the pile-soil interface: 
      
(6.7) 
The centrifuge results in Chapter 4 consistently reveal a β value of 0.24 for the 
soft clay. To fully define the interface friction angle φ’int, the coefficient of earth 
pressure upon loading, k, must be determined, which turns out to be essentially 
dictated by the soil constitutive model adopted. Since Mohr Coulomb soil model and 
Modified Cam Clay model have been adopted for the simulation of the soils in the 
present study, the coefficient of earth pressure inherent in these two models is further 
explored herein. 
When using elastic-perfectly-plastic constitutive model, like Mohr Coulomb 
model to simulate soil in the present analyses, the behavior of the soil will dominantly 
elastic during the various loading stages such as the water drawdown and surcharge 
loading in the laterally confined model container analogous to that of a 1-D 
Oedometer test. As such, the coefficient of earth pressure upon loading, k, is governed 
by the effective Poisson ratio, ν’, as 
     
(6.8) 
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For higher order of constitutive model like Modified Cam Clay model, the various 
loading stages in the simulation of the model test will cause the continuous plastic 
hardening of the soil. The energy equation for the Modified Cam Clay is as follows 
(see for example Wood, 1990): 
 
         (6.9) 
 
where p’ is the effective mean normal stress; q is the deviator stress; dεsp and dεvp are 
the incremental plastic deviator strain and plastic volumetric strain, respectively.  
Thus,   
 
         (6.10) 
 
The incremental volumetric and deviator shear strains compose of elastic and 
plastic components as follows: 
         (6.11) 
         (6.12) 
     
The elastic volumetric strain component dεve is typically negligible as compared to 
the plastic volumetric strain component dεvp during the soil yielding process. What is 
more, Modified Cam Clay model disregards the elastic deviator shear strain dεse. As 
such,  
2 2 2 2 2' ' ( ) ' ( )p p p ps v v sqd p d p d M p dε ε ε ε+ = +
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ss ddd εεε +=
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         (6.13) 
 
Under the present configuration as shown in Fig. 6.1 which is analogous to a 
laterally confined 1-D vertical compression problem, we have 
 
         (6.14) 
 
         (6.15) 
 
where dεa and dεr are incremental vertical and horizontal strains, respectively. 
Combining Eqs. (6.13), (6.14) and (6.15) leads to 
 
 
         (6.16) 
 
Substituting Eq. (6.16) into Eq. (6.10) gives  
 
     
(6.17) 
 















2v a r ad d d dε ε ε ε= + ≈
2 2( )
3 3s a r a






















Chapter 6 – Numerical analysis of NSF using FEM 
 231
 
         (6.18) 
 
Combining Eq. (6.17) and Eq. (6.18) leads to 
 
         (6.19) 
or, 
 
         (6.20) 
 
As such, with the proper evaluation of the coefficient of earth pressure upon 
loading, k, by Eq. (6.8) when using Mohr-Coulomb model, or Eq. (6.20) when using 
Modified Cam Clay model, the friction angle of the interface element can be properly 
defined as follows: 
(1) When using MC model, combining Eqs. (6.7) and (6.8) defines the effective 
friction angle of the interface element as  
 
         (6.21) 
 
(2) When using MCC model, combining Eqs. (6.7) and (20) gives 
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As will be demonstrated subsequently, the correct definition of the effective 
friction angle of the interface element at the pile-soil interface based on the above 
equations is crucial to capture the NSF at the pile-soil interface correctly. 
It has been established above that the coefficient of lateral earth pressure upon 
loading, k, is uniquely dependent on the soil model selected. The validity of Eqs. (6.8) 
and (6.20) inherent for MC model and MCC model, respectively, was verified by 
running a simple FEM analysis in Plaxis using the mesh shown in Fig. 6.1. For Mohr-
Coulomb model, the soil assumes the following typical properties: γ’=15.5 kN/m3, 
c’=0.1 kPa, φ’=24°, E’=2000 kPa, and the Poisson ratio was varied with values of 
0.30, 0.34 and 0.38. Corresponding to each Poisson ratio, the theoretical coefficient of 
earth pressure calculated by Eq. (6.8) is 0.43, 0.52 and 0.61, respectively. The FEM 
analysis was conducted under self-weight loading and subsequent uniform distributed 
loading (UDL). The effective horizontal and vertical stress along the depth of the 
mesh can then be readily extracted from the FEM outputs and the ratio of the above 
two stresses gives the k values. As shown in Fig. 6.2(a), the k values thus obtained are 
noted to be constant along the soil depth and match almost exactly with those 
calculated using Eq. (6.8). For the Modified Cam Clay model with typical soil 
parameters γ’ = 15.5 kN/m3,  λ = 0.24, κ = 0.05, eint = 1.71, when the M value varies 
from 0.6, 1.0 to 1.4, the theoretical k value as calculated by Eq. (6.20) is 0.89, 0.75 
and 0.60, respectively. These also compare favorably with the derived k values from 
FEM outputs as shown in Fig. 6.2(b). The minor underestimation of the theoretical 
values by Eq. (6.20) is likely due to the omission of the relatively smaller elastic 
strain components when deriving Eq. (6.20). 
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6.2.3  Back-analysis Procedure and Results 
The first FEM analysis was conducted to back-analyse the centrifuge model test 
ES for the end-bearing single pile. In this analysis, Modified Cam Clay (MCC) was 
adopted for the soft clay, while Mohr-Coulomb (MC) model was used for the sand 
layers with the soil parameters shown in Table 6.1. Linear elastic model was used for 
the hollow tube pile with an bulk unit weight of 9.5 kN/m3 taking into account the 
hollow section within the pile. Coupled-consolidation analysis was conducted with 
the duration of each stage replicating that of the centrifuge model test. The typical 
simulation procedure is given in Table 6.2 which simulates the centrifuge test 
procedure closely except the pile jack-in process. As FEM simulation of pile jack-in 
process involves very large deformation and element distortion requiring very 
complicated adaptive re-meshing techniques, the pile was simply “wish-in-place” in 
the present analysis. As such, the generation of excess pore pressure as well as the 
subsequent development of NSF due to pile installation was not captured in the 
present FEM analysis.  
Plaxis treats the pore pressure as two components, namely the hydrostatic pore 
pressure due to the explicitly defined water table and the pore pressure “in excess of” 
the hydrostatic component, or the excess pore pressure. While the hydrostatic pore 
pressure does not change with time, the excess pore pressure will evolve with time 
based on the Biot-consolidation process until it fully dissipates and the pore pressure 
regime of the whole FEM domain converges to the hydrostatic pore pressures defined 
by the explicitly defined phreatic line. It turns out that such treatment of pore pressure 
in Plaxis greatly facilitates the simulation of water drawdown in the FEM analysis. As 
shown in Fig. 6.3(a), the hydrostatic water regime was dictated by the initial water 
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table WL1 (refer to Fig. 6.1 as well). For the simulation of water drawdown, a new 
water table, WL2 (see Fig. 6.1 as well) can be explicitly defined in Plaxis, leading to a 
new hydrostatic water regime as shown in Fig. 6.3(b). Such water drawdown will 
cause an increment of effective overburden stress of about 10 kPa on the underlying 
soft clay which was initially fully taken by the excess pore pressure as illustrated in 
Fig. 6.3(c). The total pore pressure of the FEM domain immediately after the water 
drawdown is the combination of Fig. 6.3(b) and 6.3(c). With consolidation, and thus 
dissipation of excess pore pressure in Fig. 6.3(c), Fig. 6.3(b) presents the final 
hydrostatic pore pressure regime. As such, the final effective stress regime of the 
FEM domain thus simulated is representative of the corresponding effective stress 
regime at the end of water drawdown stage in the centrifuge model test. 
As for the subsequent stages of application of deadload, surcharge loading as well 
as transient live loads, the FEM simulation of the model test procedure is much more 
straightforward as tabulated in Table 6.2. 
Fig. 6.4 shows the comparison of numerical results of the dragload along the pile 
shaft against centrifuge test data. The interface friction angle at the pile-soil interface 
is set to 17.3°, as derived using Eq. (6.22). It is evident that the numerical results not 
only capture the neutral point of the end-bearing pile at the pile toe, but also match the 
magnitude of the dragload closely. The calculated maximum dragload in the pile is 
732 kN and 1375 kN at the end of water drawdown stage (Fig. 6.4a) and surcharge 
stage (Fig. 6.4b), respectively, compares favorably with the measured dragloads of 
680 kN and 1416 kN at the corresponding stages. The discrepancy between the 
calculated and measured values is within 8%.  
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To illustrate the crucial effect of the incorporation of the pile-soil interface 
element and its properly defined property on the FEM analysis, another two analyses 
were carried out with the interface friction angle set to 10° and 22°, respectively. It 
can be seen from Fig. 6.4 that the numerical output of NSF essentially increases or 
decreases in tandem with the value of interface friction angle. A fourth analysis was 
also conducted without the incorporation of the interface elements along the pile-soil 
interface and the analysis results are plotted in Fig. 6.4 as well. In this case, the FEM 
prediction simply grossly over-estimates the NSF along the pile. The above analyses 
clearly demonstrates that in FEM analysis of NSF problems, the interface elements 
must be applied at the pile-soil interface and the interface friction angle should be 







Establishment of in-situ stress regime by turning on the self-weight of 
soils. The water table was set at ground level for the time being
(shown by WL1 in Fig. 6.1)
Plastic /
2 Wish-in of the pile Consolidation 15.3
3 Post-installation consolidation Consolidation 156.5
4 Ground water was lowered down by 2m to the top sand-clay interface(shown by WL2 in Fig. 6.2) Plastic /
5 Consolidation of the soft clay for 181.3 days for the excess pore pressure generated due to the water drawdown to dissipate Consolidation 181.3
6 Application of 700 kN axial loading on top of pile Consolidation 26.9
7 Application of 40 kPa surcharge on ground surface Plastic /
8 Consolidation of the soft clay for 830 days for the excess pore pressure to dissipate. Consolidation 830
9 Application of transient live loads Plastic /
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soil models, the derived Eqs. (6.21) and (6.22) should be used to derive the interface 
friction angle accordingly. 
For comparison purpose, the β curves are also plotted in Fig. 6.4. It is very evident 
that the β curves match the numerical curves very well at the upper pile shaft but start 
to deviate from each other as they approach the neutral point. As pointed out in 
Chapter 4, the relative movement between the pile and the surrounding soil around the 
neutral point is too small to cause the full mobilization of the negative skin friction. 
For the present case, the deviation between the β curve and the numerical dragload 
profile starts at about 3 m above the neutral point for the water drawdown stage as 
shown in Fig. 6.4(a). After the application of surcharge, the deviation between the two 
is only confined to within 1 m above the neutral point, as shown in Fig. 6.4(b). 
The above observation of partial mobilization of NSF around the neutral point can 
be further examined by plotting the plastic yielding zones of the FEM domain as 
shown in Fig. 6.5. As expected, the soft clay modeled by the elasto-plastic MCC 
model experiences extensive yielding/hardening at essentially all the stress points for 
both water drawdown and surcharge stages, as indicated by the blue marks. On the 
other hand, Mohr Coulomb yielding, which governs the pile-soil interface as 
explained in the preceding section, is observed to develop along the pile-soil interface, 
as indicated by the square red marks. It can be seen that at the end of water drawdown 
stage, the MC yielding along the pile-soil interface develops downwards until about 
13 m below the ground surface, leaving a partial mobilization zone of about 3 m 
above the neutral point. On the other hand, at the end of surcharge stage, the full 
mobilization zone along the pile-soil interface extends downward further, leaving the 
partial mobilization zone above the neutral point to be less than 1 m above the pile toe. 
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Such observations of the development of the MC yielding along the pile-clay interface 
are in line with the deviation behavior between the numerical dragload profiles and β 
curves in Fig. 6.4. The state of mobilization of NSF along the pile-soil interface 
underscores the fundamental mechanism of the deviation of the actual dragload 
profile from the β curve which assumes full mobilization of NSF up to the neutral 
point. 
The practical implication of the above finding is the need to apply a “mobilization 
factor” to the calculated dragload using β method to account for the partial 
mobilization of NSF around the neutral point. This will be explored further later. 
6.2.4  MC Model Versus MCC Model 
The above analysis employs the advanced elasto-plastic Modified Cam Clay 
(MCC) model for the soft clay layer. In this section, the simple yet robust Mohr 
Coulomb (MC) model was also adopted for the simulation of the clay layer for 
comparison. Using MC instead of MCC has some obvious advantages: (a) the soil 
parameters can be easily determined by tri-axial tests alone. As a matter of fact, most 
of the MC model parameters can normally be readily derived from empirical 
correlations calibrated in local conditions by practicing engineers. (b) When using the 
MCC model, the stress-dependent stiffness matrix has to be formed in each 
calculation step resulting in longer calculation times. On the contrary, since MC is an 
elastic-perfectly plastic model, the stiffness matrix can be formed and decomposed 
once and be applied in the subsequent iteration steps until soil yielding occurs. (c) The 
use of MC model can facilitate the development of design charts relating the pile 
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responses to, among others, the familiar Young’s Modulus of soils, instead of the 
more abstract critical state soil parameters used by MCC model. 
However, when using the MC model for the clay, two cautions must be exercised: 
(a) Unlike MCC model, the MC model does not include stress-dependency of soil 
stiffness. As such, the stiffness of the clay at the water drawdown and surcharge 
stages must be manually assigned higher values to reflect the increased soil 
stiffness with increased effective stress. In general, the undrained Young’s 
modulus of the clay can be related to the measured undrained shear strength at 
various stages using correlation Eu = 150 Cu (see Chapter 5). Since soil shear 
modulus Gu = G’, the effective Young’s modulus can be derived from Eu as 
follows: 
          
(6.23) 
 
where ν’ and νu is the effective and undrained Poisson ratio respectively. The 
derived effective Young’s moduli are given in Table 6.1 with a minimum value at 
the clay surface (represented by E’top in the table) and increasing linearly with 
depth (represented by ΔE’ in the table). 
(b) Another note-worthy point is that due to the different lateral earth pressure 
coefficient upon loading inherent in different soil constitutive models, the 
interface friction angle must be evaluated appropriately using Eq. (6.21) when 
using MC model. The interface friction angle thus calculated is 24.0°, instead of 
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Besides the change of the constitutive model for the soft clay with redefined soil 
parameters, the axisymmetric FEM mesh as shown in Fig. 6.1 was again used and the 
calculation sequence with coupled consolidation stages remain exactly the same as 
per Table 6.2. Figs. 6.6(a) and (b) show the dragload profiles along the end-bearing 
pile at the end of water drawdown and surcharge stages (solid triangular symbols). It 
can be seen that the calculated dragloads using MC model match closely with those 
FEM outputs using MCC model and compare favorably with the measured data 
plotted in the same figure. The different soil models adopted will result in different 
lateral earth pressure coefficient upon loading, k, which will lead to different normal 
pressure at the pile-soil interface. However, by adjusting the friction angle of the 
interface elements accordingly by either Eq. 6.21 for MC model or Eq. 6.22 for MCC 
model, the NSF along the pile shaft can be captured appropriately. As such, for the 
FEM analysis of NSF problem, besides the MCC model, the simpler MC model is 
also competent to capture the correct NSF along the pile as long as the corresponding 
soil parameters, in particular the interface element property, is appropriately defined. 
6.2.5  Drained versus Consolidation Analysis 
In practical application, one may only be interested in the final maximum 
dragload in piles, without the need to know how the NSF develops with time. In this 
case, a “consolidation” analysis may not be necessary and a direct “drained” analysis 
is sufficient to determine the maximum NSF at the final state. In the present study, 
another two back-analyses were conducted with “drained” analysis type instead of 
“consolidation” type. In one analysis, MCC model was adopted while in another, MC 
model was adopted for the clay. Both results are plotted in Fig. 6.6 as hollow square 
and hollow triangular symbols, respectively, together with other calculation results. It 
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can be seen that the NSF on the pile from the “drained” analysis is very close to the 
long term results of the “consolidation” analysis and all the analysis results agree 
closely with the measured data. In general, “drained” analysis takes substantially 
much less computational time than “consolidation” analysis, and is thus more efficient 
in parametric studies. 
6.2.6  Degree of Mobilization for End-bearing Piles 
Both centrifuge model tests and the numerical analysis presented above have 
clearly demonstrated the partial mobilization of NSF around neutral point which will 
lead to overestimation of maximum downdrag forces if the popular β method is to be 
used to calculate dragloads in piles. Poulos and Davis (1980) proposed a “correction 
factor” for cases in which full slip does not occur around the neutral point. Based on 
simplified boundary element method, they concluded that a decrease in pile-soil 
stiffness ratio or pile length-diameter ratio tends to decrease the correction factor, but 
reckoned that the effects should be generally small. This is not in line with the 
postulation by Matyas and Santamarina (1994) that the relative stiffness between the 
soil and the pile would be expected to substantially alter the partially mobilized zone. 
So far, no conclusive guidelines in this aspect are available. For example, Singapore 
Code of Practice for Foundation (CP4: 2003) introduces a factor, η, to account for the 
degree of mobilization when calculating NSF and proposes that the value is “typically 
0.67, although 1.0 may be used in specific cases”. A better understanding and 
estimation of the mobilization factor will directly lead to a better estimation of 
maximum dragload on a pile which is important in the design of piles with NSF. 
Both centrifuge model tests and the numerical analyses have demonstrated that the 
length of the partial mobilization zone above the neutral point was observed to be 
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dependent on the intensity of surcharge loads. For example, in the present specific 
condition, the partial mobilization zone ranges from about 3 m at the water drawdown 
stage to less than 1 m at the surcharge stage. As such, the mobilization factor in each 
case will be different. On the other hand, the relative stiffness of the pile and the 
surrounding soil may affect the results substantially as proposed by Matyas and 
Santamrina (1994). What is more, the effect of the pile length-diameter ratio 
(hereinafter referred to as pile slenderness ratio) may deserve a careful investigation 
as well, although Poulos and Davis (1980) suggested that the effects may be minor. 
To gain a better understanding on the mobilization factor under various pile-soil 
conditions, an extensive parametric study was conducted using the axisymmetric 
FEM analysis which has been calibrated against centrifuge model test as presented in 
the preceding sections. Before presenting the numerical results, some symbols and 
terminologies used are explained as follows: 
(1) η -- degree of mobilization of NSF due to the partial mobilization of NSF 
around neutral point, which is defined as, 
 
         (6.24) 
 
where Qn,mob is the actual mobilized maximum dragload at the neutral point. Qn,β is 
the calculated maximum dragload at the neutral point based on β method which is 
given as: 
 











n vQ dzβ βσ= ∫
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in which Zn is the depth of the neutral point and β assumes a typical value of 0.24 for 
clay based on the present model tests.  
(2) K – pile-soil stiffness ratio, the same as that used by Poulos and Davis (1980), 
which is defined as  
 
         (6.26) 
 
where Ep and Es are the Young’s modulus of the pile and soil, respectively. RA is the 
pile section ratio which is unity for solid piles and, in case of hollow pile section, is 
equal to: 
 
         (6.27) 
 
in which d is the pile outer diameter and Ap is the solid area of the pile cross section. 
(3) L/d – pile length-diameter ratio, namely pile slenderness ratio, where L and d 
are the pile length and pile diameter, respectively. 
The modulus of concrete pile is typically in the range of 2.0E+7 to 5.0E+7 kPa 
depending on the grade of concrete. Steel piles typically have modulus approximately 
one order higher than concrete. However, they are typically of hollow sections with a 
relatively smaller section ratio RA as defined in Eq. (6.27). On the other hand, NSF 
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say, not exceeding 20,000 kPa. In view of the above data, the pile-soil stiffness ratio 
K as defined by Eq. (6.26) is likely to be in the following range: 
 
         (6.28) 
 
A stocky end-bearing pile with length L = 12 m and diameter d = 1 m, resulting in 
a slenderness ratio of 12, and a relatively much slender pile with L = 48 m and d = 1 
m, resulting in a L/d ratio of 48, are used to illustrate the variation of degree of 
mobilization under various pile and soil conditions. In each case, the pile-soil stiffness 
ratio was varied from 1,000 to 40,000, while the surcharge was increased from 10 kPa 
in steps to 70 kPa. For clarity of presentation, only the analysis results of surcharge 10 
kPa and 55 kPa are presented in Fig. 6.7. It should be noted that the depth z has been 
normalized by the clay depth L, while the dragload along the pile shaft has been 
normalized by the maximum dragload at the neutral point, Qn,β calculated by the β 
method. For comparison purpose, the normalized β curves are also plotted in Fig. 6.7. 
It can be seen that in all cases, the normalized dragload around the neutral point 
(namely the pile toe in the present case) is less than the corresponding β curve. For a 
stocky pile shown in Fig. 6.7(a), the normalized dragload on the pile is not much 
affected by the pile-soil stiffness ratio K, regardless of magnitudes of surcharge 
intensity. This is understandable as an end-bearing stocky pile normally has small pile 
settlement under dragload and the relatively larger soil settlement tend to play a 
dominate effect and cause a large degree of mobilization of NSF on the pile. On the 
other hand, for a slender pile shown in Fig. 6.7(b) with a relatively small magnitude of 
surcharge loading of 10 kPa, the relative pile-soil settlement tends to increase as pile-
soil stiffness ratio K increases, resulting in an increase of degree of mobilization of 
000,40000,1 ≤≤ K
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NSF. With a much larger surcharge magnitude of 55 kPa, the much larger soil 
settlement dominates the relative pile-soil settlement resulting in a much larger degree 
of mobilization of NSF with the effect of K substantially diminished as shown in Fig. 
6.7(b). 
The results of all the analyses on the degree of mobilization of NSF for various 
pile slenderness ratio L/d, pile-soil stiffness ratio K and intensity of surcharge loading 
q are summarized in Fig. 6.8. The general findings are presented as follows: 
(a) Under the same pile slenderness ratio L/d, the degree of mobilization increases 
with surcharge intensity, but tends to taper off after the surcharge intensity is 
beyond 40 kPa.  On the other hand, increase in pile-soil stiffness ratio K tends 
to increase the degree of mobilization as well, but with minor degree of 
influence for stocky pile (see for example Fig. 6.8(a)) and substantial degree 
of influence for slender pile (see for example Fig. 6.8(d)). 
(b) Under the same pile-soil stiffness ratio K, the degree of mobilization tends to 
decrease with increase in pile slenderness ratio, but increases with the increase 
in surcharge loadings. 
(c) Under the same surcharge loading, the degree of mobilization generally 
increases with pile-soil stiffness K. This is more obvious for slender piles than 
for stocky piles (compare, for example, Fig. 6.8(d) with Fig. 6.8(a)). A very 
large magnitude of surcharge will dominate the degree of mobilization with 
the influence of pile-soil stiffness ratio greatly diminishes. 
It can be seen from Fig. 6.8 that the degree of mobilization can vary within very 
large ranges from as low as about 35% to as high as about 95% depending on the pile-
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soil conditions and surcharge intensity. From a practical point of view, Fig. 6.8 
provides a useful guide for deriving the specific degree of mobilization, η, and hence 
more appropriate evaluation of maximum dragload on end-bearing piles subjected to 
NSF. It thus supplement qualitatively to some Foundation Codes like Singapore CP4 
when it comes to the selection of an appropriate degree of mobilization to be adopted 
in practical applications. 
6.2.7  Effect of Transient Live Load on NSF 
A limited number of field tests on NSF revealed that negligible percentage of 
transient live loads was transferred to the neutral point (Fellenius, 1977; Bozozuk, 
1981). Such field observations have prompted some pile design codes to stipulate that 
transient live loads need not be considered when evaluating the maximum load on the 
pile at the neutral point. However, the present centrifuge model tests have shown that, 
under the present specific configuration, quite substantial percentage of the applied 
load was observed to transfer to the neutral point. In the present FEM back-analysis, 
loads were applied both before the application of surcharge and at the end of the 
consolidation after surcharge. As the behavior of load transfer along the pile shaft for 
the two occasions is noted to be essentially similar, only FEM back-analysis for the 
latter occasion is presented herein, as shown in Fig. 6.9. The FEM results agree well 
with the test data with large portion of the applied loads being transferred to the 
neutral point (namely pile toe in this case). 
It has been established in Chapter 4 that when the pile-soil flexibility factor, f, is 
larger than 8 (which is only applicable for slender piles installed through deep deposit 
of soft soil), the transient live loads could be neglected when considering the 
maximum loads at the neutral point. However, for a specific case with f value smaller 
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than 8, the percentage of applied transient live loads to be considered when evaluating 
the maximum load at the neutral point is still unknown. In an attempt to fill in this 
blank, parametric FEM analyses were conducted with the same wide range of 
variations of the parameters K, L/d, and surcharge as used in Section 6.2.6. After the 
development of NSF upon application of a surcharge, loads were applied at the pile 
head in steps with the final magnitude up to about 2 times the lock-in maximum 
dragload due to the surcharge. A stocky end-bearing pile with length L = 12 m and d 
= 1 m, resulting in a L/d ratio of 12, and a relative much slender pile with L = 48 m 
and d = 1 m, resulting in a L/d ratio of 48, are used to illustrate the transfer of 
transient live loads to the NP as shown in Fig. 6.10. For clarity, only selected analysis 
results of surcharge 10 kPa, 40 kPa and 70 kPa, and only three K values, namely 
K=1000, 4000 and 16000 were presented in Fig. 6.10. It can be seen that for both the 
stocky pile (Fig. 6.10(a)) and the slender pile (Fig. 6.10(b)), the percentage of applied 
live loads transferred to the NP is essentially not affected by the magnitude of 
surcharge, and was also essentially independent of the magnitude of the applied load 
at pile head. On the other hand, as the pile-soil stiffness, K, increases, the percentage 
of applied load transferred to the NP tends to increase accordingly. The stocky pile 
generally has a much higher percentage of load transferred to the NP than the slender 
pile. 
Fig. 6.11 summarizes the variation of percentage of applied live loads transferred 
to the NP under various pile-soil stiffness ratio (K) and pile slenderness ratio (L/d). 
The magnitude of surcharge and magnitude of applied live loads disappear from the 
picture as they do not affect the load transfer behavior, as demonstrated in Fig. 6.10. It 
can be seen from Fig. 6.11 that the percentage of applied live loads transferred to the 
NP increases with increasing pile-soil stiffness ratio, K, but decrease with increasing 
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pile slenderness ratio, L/d. The increase of live load transfer to NP with increasing K 
tends to taper off after K value exceeds 15,000. Fig. 6.11 may be used as a practical 
guide to derive the percentage of transient live load transferred to the neutral point 
and hence the maximum dragload at the NP for an end-bearing pile under various 
pile-soil conditions. 
6.3  NSF ON SOCKETED SINGLE PILES 
6.3.1  Back-analysis Procedure and Results 
The numerical simulation of NSF on single socketed piles is simply an extension 
of that for end-bearing single piles presented in the preceding sections. Fig. 6.12 
shows the axisymmetric configuration for the back-analysis of a socketed single pile 
using Plaxis-2D axisymmetric configuration, which is essentially a numerical 
replication of the centrifuge model test SS presented in Chapter 3. Comparing Fig. 
6.12 with Fig. 6.1 reveals much similarity except that the end-bearing block in Fig. 
6.1 has been removed and the pile is extended half a pile diameter into the underlying 
sand. Again, interface elements are deployed along the pile-soil interface which is 
crucial in governing the numerical simulation of NSF on piles. 
The parameters for the soils and interface elements remain the same as those listed 
in Table 6.1. The Modified Cam Clay was adopted for the soft clay, while Mohr-
Coulomb model was used for the sand layers. Coupled-consolidation analysis was 
conducted with simulation procedure given in Table 6.3, which is essentially similar 
to Table 6.2 for the end-bearing pile, except some adjustment of the duration of each 
stage for the socketed pile test. 
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Fig. 6.13 shows the comparison of the calculated and measured dragload along the 
pile shaft. It is evident that the numerical results well capture the position of NP of the 
socketed pile at about 1.5 m above the base sand layer. The magnitude of the dragload 
is well replicated as well. The measured maximum dragload is 563 kN and 1188 kN at 
the end of water drawdown stage and surcharge stage, respectively. The 
corresponding numerical results are 587 kN and 1176 kN, respectively. The 
discrepancy of the measured and calculated values is within 5%.  
Fig. 6.13 clearly shows the substantial deviation of the β curves from the 
measured and calculated dragload profiles around the NP. The over-estimation of the 
dragload by β method for socketed piles is even more than for end-bearing piles. 







Establishment of in-situ stress regime by turning on the self-weight of 
soils. The water table was set at ground level for the time being
(shown by WL1 in Fig. 6.1)
Plastic /
2 Wish-in-place of the pile Consolidation 16.7
3 Post-installation consolidation Consolidation 139.5
4 Ground water was lowered down by 2m to the top sand-clay interface(shown by WL2 in Fig. 6.2) Plastic /
5 Consolidation of the soft clay for 173.8 days for the excess pore pressure generated due to the water drawdown to dissipate Consolidation 173.8
6 Application of 700 kN axial loading on top of pile Consolidation 26.9
7 Application of 40 kPa surcharge on ground surface Plastic /
8 Consolidation of the soft clay for 784.4 days for the excess pore pressure to dissipate. Consolidation 784.4
9 Application of transient live loads Plastic /
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soil stiffness ratio and surcharge intensity, the socketed length and the stiffness of the 
underlying competent soil also influences the degree of mobilization in significant 
manner. The permutation of many factors is too numerous to make a concise 
generalization of variation of NSF degree of mobilization for socketed piles. The 
model test data in the present study has revealed that the degree of mobilization is 
higher for end-bearing piles than socketed piles with socket length of half a pile 
diameter. As the socket length increases, which is very likely in practical situations, 
the behavior of socket piles is expected to become more similar to end-bearing piles. 
As such, the degree of mobilization presented in Fig. 6.8 for end-bearing piles may be 
used as an upper bound for socketed piles on a conservative basis. Likewise, since the 
transfer of transient live loads to the NP is more for the end-bearing piles than that for 
the socketed piles (see Fig. 4.24), the generalized transient live load transfer curves 
presented in Fig. 6.11 may also be conservatively utilized as an upper bound when 
evaluating the maximum load at NP of socketed piles subjected to simultaneous NSF 
and applied loads.  
6.3.2  Settlement of Socketed Piles 
6.3.2.1  Current understanding 
For end-bearing piles installed through soft clay, pile settlement is not an issue 
and the only concern is the mobilized maximum dragload on the pile which should be 
properly evaluated for the structural design of the pile. On the other hand, for 
socketed piles, besides the maximum downdrag load along the pile, the pile settlement 
needs to be evaluated as well. However, it is normally difficult to calculate the 
settlement of socketed piles in practice and a common approach is to prevent the 
excessive pile settlement by deploying a sufficiently high geotechnical factor of safety 
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(FOS) of the underlying competent strata against the applied loads at pile head plus 
the mobilized dragload. At present, there appear some confusion as to what FOS 
should be adopted under combined external load and downdrag load in order to well 
contain the pile settlement. For example, the Singapore Standard Code of Practice for 
Foundations, (CP4: 2003) stipulates that the allowable applied load on a pile 
subjected to combined applied load and dragload should be: 
 
         (6.29) 
 
where Qc is the allowable axial load applied on the pile. Qp and QPSF are the pile toe 
resistance and positive pile shaft resistance in the underlying competent soils, 
respectively. QNSF is the maximum dragload and η is the degree of mobilization. Here, 
the Code states a  factor of safety, Fs, of 2.0 to 2.5. 
However, a much smaller FOS was proposed by Van Der Veen (1986) when 
evaluating the allowable load as follows: 
 
         (6.30) 
          
where Pad is the allowable external load; Qu refers to the positive soil resistance within 
the underlying competent soil; Fu-is the downdrag load of the overlying soft soil and μ 
is a reduction factor similar to η in Eq. (6.29). According to Van Der Veen (1986), 
based on practical experience, the use of a Fsd of 1.7, together with a reduction factor 
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Based on the concept that the pile head settlement should stabilize and reach a 
limiting value regardless of the magnitude of the soil movement, Poulos (1994) 
suggested the following formula for determining the allowable external load, Pom: 
 
         (6.31) 
where Fs2 and Pb refer to the positive shaft resistance and toe resistance of the 
underlying competent soil, respectively; PN is the dragload and φN is the partial factor 
of safety for dragload, analogous to η in Eq. (6.29) and μ in Eq. (6.30). φp and φb are 
partial factor of safety for the positive shaft resistance and toe resistance, respectively, 
which according to Poulos, can assume values of 0.5 to 0.7. If one assumes the same 
value of partial factor of safety for φp and φb, then the above formula can be 
transformed as  
 
         (6.32) 
which turns out to be exactly the same format as Eq. (6.29) and Eq. (6.30), but with a 
suggested FOS of 1.4 to 2. 
It can be seen that various sources suggest different FOS in terms of geotechnical 
capacity for the underlying competent stratum against combined applied load and 
dragload. This contributes to the general confusion in practice when one has to choose 
a proper FOS which can effectively contain the pile settlement but in the meantime 
leads to an economical design of socketed piles subject to simultaneous applied load 
and dragload. In order to explore this aspect further, the settlement behaviour of the 
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socketed model pile in centrifuge model test SS will be re-examined in light of this 
new perspective. 
6.3.2.2  Back-analysis of Socketed Pile Settlement 
The Geotechnical capacity of the socketed pile in the centrifuge model test SS can 
be taken as the measured resistance during the pile jack-in process. With the pile toe 
“socketed” half a pile diameter into the underlying sand layer, the maximum jack-in 
load is 4247 kN (see Fig. 4.27). The corresponding pile toe resistance plus the shaft 
resistance in the underlying sand layer is 3563 kN, as registered by the lowest strain 
gauge level 1 shown in Fig. 4.27. As such, the overlying soft clay layer provides a 
resistance of 684 kN during the pile jack-in process. In the subsequent stages, the pile 
was subjected to various load combinations including applied loads at pile head and 
dragload along the pile shaft as elaborated in Chapter 4. The pile geotechnical FOS 
varies under different load combinations during the whole test process. 
The development of maximum load at the NP up to the surcharge stage, as 
captured by the strain gauge level 2 located about 1.5 m above the underlying sand 
layer, is re-plotted in Fig. 6.14. The measured resistance of the underlying sand layer 
of 3563 kN can be assumed to remain constant during the whole process, as shown by 
the horizontal dash line in Fig. 6.14. The variation of geotechnical FOS of the 
socketed pile under combined applied load and dragload can then be calculated for 
different stages as shown in Fig. 6.15. It can be seen that the initial FOS is about 2.5 
and reduces to the final FOS of about 1.1 with all the applied loads and dragloads on 
the pile developed over various stages. Correspondingly, the pile settlement, which is 
plotted in the same figure, was observed to increase with decreasing geotechnical 
FOS. The data in Figure 6.15 can be re-plotted in Fig. 6.16 to directly correlate the 
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development of pile settlement to the reducing FOS. It can be seen that for a 
geotechnical FOS larger than 2.0, the pile settlement is essentially less than 2 mm. For 
a geotechnical FOS of 1.5, the corresponding pile settlement is about 15 mm based on 
the present centrifuge model test. 
However, an ambiguity may exist in the above interpretation of the test data. As 
explained in Chapter 4, due to the limitation of the centrifuge model setup, a residual 
load of about 1800 kN (in prototype scale) was maintained at the pile head after pile 
installation due to the self-weight of the pile head connector. Such maintained load on 
the pile head after pile installation may deviate from a practical scenario whereby all 
loads would be removed after the pile installation is completed. Subsequent loads 
from the superstructure will induce pile settlement which contributes to the final pile 
settlement. As such, the measured pile settlement from the centrifuge model test is 
expected to be smaller than the actual value which should include the additional pile 
settlement due to the applied load of the 1800 kN. Further FEM simulations were 
conducted to evaluate this issue. In the first FEM analysis, a load of 1800 kN was 
applied on the “wish-in-place” pile and the pile settlement was nullified. Such 
numerical process simulates that of the actual test process. The subsequent 
development of calculated pile settlement is plotted as the dashed line and the 
measured pile settlement as hollow circles in Fig. 6.17. Owing to the highly-
simplified “wish-in-place” pile installation simulation instead of actual jack-in 
process due to numerical difficulty as explained in Section 6.2.3, the pile settlement at 
the initial stage due to soil reconsolidation after pile installation can not be captured 
properly by the FEM simulation. However, with the proper simulation of water 
drawdown, as elaborated in Section 6.2.3, the pile settlement from the FEM 
simulation starts to catch up with the measured pile settlement, as shown in Fig. 6.17. 
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The final pile settlement of about 32 mm can be well-captured by the FEM simulation 
with proper adjustment of the soil parameters, especially the stiffness of the 
underlying sand layer as shown in Table 6.1. After the above FEM calibration of 
measured pile settlement, another FEM analysis was subsequently conducted with nil 
applied load at pile head when the pile was “wished-in-place”. When the pile was 
subsequently loaded by 1800 kN, an additional pile settlement of about 12 mm is 
noted as shown by the first segment of the solid line in Fig. 6.17. The subsequent 
simulations remain the same as the previous FEM analysis and the complete pile 
settlement history is presented by the solid line in Fig. 6.17. The pile settlement from 
the second analysis is generally larger than that from the first analysis with a final pile 
settlement of about 44 mm. It is believed that the second FEM analysis is more 
representative of a socketed pile in a practical scenario when the pile is typically fully 
unloaded after installation. 
6.3.2.3  Generalized Settlement Behaviour of Socketed Piles with NSF 
As noted in the preceding section, owing to the limitation of the centrifuge model 
test, the model pile was only socketed half pile diameter into the underlying sand 
layer. As such, the settlement behavior presented in Fig. 6.17 is only representative of 
a socketed pile with short socket length in the underlying competent stratum. To 
investigate the effect of socket length on pile settlement, further FEM analyses were 
conducted with pile socket length of 0.5d, 1d, 2d, 3d and 5d, where d represents the 
pile diameter. It can be seen from Fig. 6.18 that as the pile socket length increases, the 
pile settlement reduces consistently. For example, the final pile settlement is about 44 
mm for a socket length of 0.5d, and reduces to only 17 mm for a socket length of 5d.  
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In order to correlate the settlement of a socketed pile with geotechnical FOS 
considering dragload as elaborated in Section 6.3.2.1, the geotechnical capacity of 
socketed piles with various socket lengths must be evaluated first. The total pile 
resistance in the underlying sand layer can be given by (see for example, Tomlinson, 
1994) 
           
         (5.33) 
 
where Nq is the pile base bearing resistance factor to be determined by pile load test; 
σ’v0 is the effective overburden pressure at pile base; Ab is the pile base area; Ks is the 
coefficient of horizontal soil stress which, for a jacked-in pile, can assume a value of 
2K0 where K0 is the coefficient of horizontal stress at rest before pile installation 
(Tomlinson, 1994);     is the average effective overburden pressure along the 
embedment length in the competent soil; φ is the frictional angle of the soil; Re is a 
reduction factor to account for the reduced friction angle at the pile-soil interface 
which can assume a value of 0.8 according to Tomlinson (1994); and As is the area of 
shaft in contact with the competent soil. The breakdown of the pile geotechnical 
capacity from centrifuge model Test SS is detailed in Table 6.4. The geotechnical 
bearing capacity of the pile in the model test is 3563 kN, consisting of shaft resistance 
of 123 kN and base resistance of 3440 kN, as given in Table 6.4. The shaft resistance 
only contributes about 4% to the total bearing capacity, due to the short pile socket 
length in the model test. The back-calculated base bearing resistance factor Nq is 
about 28 as shown in Table 6.4, which appears at the lower bound. 
 
' '
0 0 eR tanp q v b s v sQ N A K Aσ σ φ= +
'
0vσ
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With the back-analysis of geotechnical capacity for Test SS given in Table 6.4, 
the calculated geotechnical capacity of socketed piles with various socket lengths is 
summarized in Table 6.5. Thus, the evolvement of geotechnical FOS considering 
dragload can be obtained by dividing the geotechnical capacity listed in Table 6.5 by 
the corresponding maximum loads at the neutral point from the above FEM analyses 
and the results are plotted in Fig. 6.19. By combining Fig. 6.18 and Fig. 6.19, the 
correlation between the pile settlement and the geotechnical FOS considering 
dragload can be readily obtained as shown in Fig. 6.20. It is interesting to note that all 
the results with various socket length cluster closely together within a narrow band 
which can be readily fitted by the solid curve as shown in Fig. 6.20. This reveals that 
Measured total geotechnical resistance by base sand
Qp = 3563 kN
Pile diameter, d = 1.28 m
Pile section area, Ab = 1.29 m
2
Area of shaft in base sand layer, As = 2.57 m
2
Friction angle of base sand layer, φ = 38 °
coefficient of horizontal soil stress at rest before pile installation
K0 =
0.38
Coefficient of horizontal soil stress after pile installation
Ks = 2×K0    (Tomlinson, 1993) 0.77
Pile/soil interface reduction factor (Tomlinson, 1993), α = 0.8
tanδ = 0.65
Ks tanδ = 0.50
Average effective overburden at midpoint of shaft in sand layer
        = 95 kPa
Shaft resistance, Qs = 123 kN
Effective overburden pressure at pile base level, σ'v = 98 kPa
Base resistance, Qb = 3440 kN
Base bearing capacity factor, Nq = 28
 '
0vσ
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the effect of various socket length on pile settlement can be effectively normalized by 
the adoption of Geotechnical FOS considering dragload. This is plausible as to cause 
a specific pile settlement, the longer the socket length, the larger the maximum load at 
NP (inclusive of the applied load and dragload) is expected. In the meantime, a longer 
socket length also leads to a higher geotechnical bearing capacity, and the resulting 
geotechnical FOS turns out to be consistent regardless of socket length. 
Table 6.5  Geotechnical Capacity of Socketed Pile with Increased Embedment Length 






Although the effect of socket length can be normalized by the geotechnical FOS, 
the stiffness of the underlying competent soil could also affect the pile settlement 
behaviour. To examine this issue, further extensive FEM analyses have been 
conducted with the stiffness of the underlying sand layer varying between 1.5E4 kPa 
and 1.5E5 kPa. For each stiffness, the socket length is again varied from 0.5d to 5d  
and all the results are plotted together and fitted with best-fitted curves, as shown in 
Fig. 6.21. Instead of specifying a fixed value of geotechnical FOS considering 
dragload, as proposed by some researchers elaborated in Section 6.3.2.1, Fig. 6.21 
provides a rational means upon which a proper geotechnical FOS can be judiciously 
selected based on the stiffness of the underlying competent soil and the allowable 
settlement of socketed piles. 
Socket length 
in base sand Ks tanδ
Effective overburden 
stress at midpoint of 











(m) σ'v0 (kPa)  Qs (kN) σ'v0 (kPa) qb Qb (kN) Qp (kN)
0.5d* 0.5 95 123 98 28 3528 3651
1d 0.5 98 252 103 28 3713 3965
2d 0.5 103 531 113 28 4082 4612
3d 0.5 108 836 124 28 4450 5286
5d 0.5 118 1525 144 28 5188 6713
* d is the pile diameter
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6.4 NUMERICAL SIMULATION OF NSF ON END-BEARING PILE GROUPS 
6.4.1  Numerical 3D Simulation Methodology 
The 2D axisymmetric FEM analyses conducted so far exploited the axisymmetric 
nature of single piles. However, the highly three-dimensional nature of pile groups 
warrants the use of 3D FEM method for the proper simulation of NSF on various piles 
within the pile group. In order to compare with the results of 2D axisymmetric 
simulation, the end-bearing single pile in centrifuge model test ES was numerically 
simulated using Plaxis 3D Foundation with the FEM mesh shown in Fig. 6.22. The 
3D mesh follows exactly the geometry of the test setup as presented in Chapter 4. The 
plan dimension follows the size of the model test of 34 m by 34 m (width by length) 
and the soil profile features a 2-m thick top loose sand followed by a soft clay of 14 m 
thick overlying a 5-m thick dense sand. The thickness of the sand surcharge is 2.5 m 
with a bulk density of 16 kN/m3 resulting in a surcharge loading of 40 kPa. Rollers 
are applied along the 4 vertical boundary surfaces to restrain lateral soil movement, 
while allowing the soil movement along the vertical direction. The base of the 3D 
mesh is set as “pinned” boundary condition.  
The 3-D domain was discretized by 11,655 number of wedge volumetric elements 
with 32,892 nodes. Each wedge element used in 3D Plaxis features 15 nodes (see Fig. 
6.23) which provides a second-order interpolation of displacements between nodal 
points. Since each node possesses 3 degrees of freedom (namely 3 nodal 
displacements in three axial directions) in a “drained” analysis, and 4 degrees of 
freedom (namely 3 nodal displacement and 1 pore pressure), solving the single pile 
problem using the present 3D mesh will result in approximately 100,000 and 130,000 
simultaneous equations to be solved for drained analysis and consolidation analysis, 
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respectively, which are very time consuming. Since Modified Cam Clay (MCC) 
model is not available in Plaxis 3D Foundation, Mohr-Coulomb (MC) model is 
adopted for the simulations of soils in the present 3D analysis. It has been shown in 
Section 6.1.4 that with properly defined soil parameters, in particular the pile-soil 
interface element property, either MCC or MC makes little difference to the final 
dargload along the pile shaft. Both “consolidation” and “drained” analyses were 
conducted with the results plotted in Fig. 6.6 (solid and hollow circular symbols). It 
can be seen that all the 2D axisymmetric and 3D analysis results essentially cluster 
within a narrow band around the measured data (plotted as a dashed line). The above 
exercise effectively demonstrates that the 3D Plaxis analysis is equally competent of 
capturing the correct NSF on piles. Since consolidation analysis in 3D analysis is 
extremely time-consuming and drained analysis yields very close final dragload along 
the pile shaft, drained analysis will be adopted in the subsequent 3D numerical 
simulation of NSF on pile groups. The above single pile 3D FEM analysis is extended 
to analyze pile groups consisting of 3, 5, 9 and 16 piles by replacing the single pile 
with a relevant pile group.  
6.4.2 Back-analysis of End-bearing Pile Groups 
The results of the back-analysis for the end-bearing 16-pile group is presented in 
detail herein as it is the largest pile group conducted in the centrifuge model tests and 
thus possesses the most prominent pile group effects. Fig. 6.24 shows the 3D FEM 
mesh of the problem, which essentially preserves most features of the 3D mesh in Fig. 
6.22, except that the single pile has been replaced by a 16-pile group connected by a 
rigid pile cap with the base set at 0.5 m clear of the top surface of surcharge sand. The 
whole domain is discretized into 37,296 number of 15-node wedge volumetric 
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elements with 103,639 nodes. The average element size is 0.88 m, but with the 
elements around the piles being refined much denser than those further away from the 
pile group. The whole FEM domain is essentially composed of 2 sub-domains, 
namely the soil sub-domain shown in Fig. 6.24(b) and the pile group sub-domain 
shown in Fig. 6.24(c). The 2 sub-domains interact with each other through the defined 
interface elements along the pile-soil interface as indicated in Fig. 6.24(c) and have 
been discussed at length in Section 6.2.2. 
The identification of “corner pile”, “side pile” and “inner pile” follows those 
adopted in Chapter 5 and further illustrated in Fig. 6.25. The calculated dragload on 
the corner, side and inner pile at the end of water drawdown and surcharge stages are 
extracted from the 3D FEM analysis and plotted in Fig. 6.26, together with the 
measured data from the centrifuge model test. In general, the 3D FEM results 
compare favorably with the model test data, capable of re-producing the largest 
dragload on the corner pile and least dragload on the inner pile. At the water 
drawdown stage, the FEM analysis correctly captures the tension developed at the 
corner pile head and compression at inner pile head (see Fig. 6.26(a)) due to the 
difference in dragloads among the piles and the interaction of the pile cap. The 
tension at the corner pile head at the original ground surface diminish upon surcharge 
(see Fig. 6.26(b)) due to the downward dragload on the pile shaft within the filled-up 
2.5-m thick surcharge sand above the original ground surface. Comparing with the 3D 
FEM results on single pile plotted in the same figure reveals much smaller calculated 
dragloads on various piles in the 16-pile group. 
The results of 3D FEM analysis and measured data of all pile groups are 
summarized in Table 6.6 and plotted in Fig. 6.27. It should be noted that even for the 
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16-pile group, the “inner” pile is only surrounded by one row of perimeter piles (see 
Fig. 6.25). In order to explore whether the shielding effect could be enhanced in case 
of an inner pile surrounded by more than one row of perimeter piles, a 3D FEM 
analysis on a 25-pile group was also conducted with the most inner pile surround by 
two rows of perimeter pile (see pile No. 4 in Fig. 6.25). However, the 3D FEM 
analysis results reveal that the dragload on the most inner pile (namely pile No. 4 in 
Fig. 6.25) was only marginally smaller than that on the inner pile (marked as pile No. 
3 in Fig. 6.25) surrounded by one row of perimeter pile. This suggests that the number 
of rows of perimeter piles does not affect the behavior of inner piles substantially. The 
analysis results of the 25-pile group are also incorporated in Table 6.6 and Fig. 6.27 
for completeness. It can be seen that in all cases, the 3D FEM analysis is capable of 
capturing the general trend of decreasing NSF with increasing number of piles with 
reasonable accuracy. In all the cases, the calculated dragloads on all the piles in the 
pile groups are generally within ±8% against the test data (see Table 6.6 and Fig. 
6.27). It can be concluded that the above 3D FEM analysis can effectively account for 
the pile-soil-pile interaction of NSF among piles in a group. 
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1 680 0% 637 -7% 0% 680 0% 637 -7% 0% 680 0% 637 -7% 0%
3 584 14% 557 -5% 13% / / / / / 551 / 540 / /
5 521 23% 496 -5% 22% / / / / / 463 / 470 / /
9 468 31% 459 -2% 28% 435 36% 437 0% 31% 403 41% 410 1% 36%
16 443 35% 445 0% 30% 379 44% 408 7% 36% 339 50% 367 8% 42%

























1 1416 0% 1419 0% 0% 1416 0% 1419 0% 0% 1416 0% 1419 0% 0%
3 1276 9% 1353 6% 5% / / / / / 1221 / 1321 / /
5 1259 11% 1284 1% 10% / / / / / 1085 / 1237 / /
9 1197 15% 1265 5% 11% 1148 18% 1215 5% 14% 1050 25% 1139 8% 20%
16 1183 16% 1245 5% 12% 1099 22% 1166 6% 18% 1009 28% 1051 4% 26%





CORNER PILE SIDE PILE INNER PILE





3D FEMPile number 
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Model Test3D FEMModel Test Model Test
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6.4.3 Mechanism of Pile Group Effect with NSF 
It is believed that the reduction of effective stress of the soils surrounding the piles 
within a pile group attributes directly to the reduction of dragload on piles within a 
pile group, which explains why Shibata’s analytical method which adopts such 
principle gives more favourable results against the present measured data as compared 
to all the empirical methods which do not capture the essence of NSF group effects 
and generally grossly overestimate dragload on pile groups. Owing to limitations of 
centrifuge model setup, the spatial variation of stresses of the soil within the pile 
group is not available from the test data. As such, the 3D FEM analysis provides a 
supplementary tool to explore the mechanism of NSF pile group effect by probing 
into the spatial regime of effective stress distribution within a pile group. 
Fig. 6.28 shows the top view of the 3D FEM mesh of the end-bearing 16-pile 
group presented in Fig. 6.24. The pile cap has been removed in the figure for clarity. 
The distributions of effective vertical and horizontal soil stresses at the end of the 
surcharge loading for Section A-A shown in Fig. 6.28 are illustrated in Fig. 6.29. It 
can be seen that at the far field away from the pile group, the vertical and horizontal 
stress contours are more or less horizontal revealing relatively even stress distribution 
in the clay. However, as the stress contour lines approach the pile group, the lines 
become distorted and generally show smaller stresses at the pile-soil interface. The 
stresses inside the pile group are generally further reduced as compared to those 
outside the pile group. Such phenomenon of stress reduction within a pile group 
subjected to NSF is quite understandable with the aid of Fig. 6.24. The NSF 
developed on individual piles within the pile group will generate downward shear 
stress around the pile shaft, as illustrated in Fig. 6.24(c). Reversely, each pile within 
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the pile group will generates counteractive upward shear stress along the surface of 
each annulus of the soil at the pile-soil interface, as illustrated in Fig. 6.24(b), hence 
causing a general reduction in effective stresses within the pile group. Such reduction 
of stress will inevitably lead to the reduction of NSF along the shafts of piles within 
the pile group and is the fundamental cause of NSF pile group effect. 
It is speculated that the reduction of effective stress within a pile group will lead 
to unbalanced normal stress acting around the shafts of piles within the pile group 
with a larger normal stress acting on the side of a pile shaft facing the outside of the 
pile group and a smaller normal stress acting on the side of a pile shaft facing the 
inside of the pile group. Such unbalanced normal stress may lead to some 
unfavourable implications like additional bending moments along the pile shafts. To 
explore this issue, four characteristic lines a-a, b-b, c-c and d-d, are marked along the 
4 quadrant points of a centre pile, a side pile and a corner pile in a 9-pile group as 
shown in Fig. 6.30. The pile cap is omitted in the isometric view in Fig. 4.30(a) for 
clarity. The effective normal stress acting along the 4 vertical quadrant lines on the 
pile shaft at the end of surcharge stage were extracted from the 3-D FEM analysis and 
plotted in Fig. 6.31. It can be seen from Fig. 6.31(a) that for the inner pile, the 
effective normal stress acting along the four quadrant lines on the pile shaft is 
essentially identical. Correspondingly, the induced bending moment in the pile is 
essentially zero along both X-X and Y-Y directions (marked in Fig. 6.30(b)) as shown 
in Fig. 6.32(a). On the other hand, it can be seen from Fig. 6.31(b) that although the 
effective normal stress acting on the quadrant lines a-a and b-b on the side pile is 
essentially identical, the stress acting on the line d-d located inside the pile group (see 
Fig. 6.30) is substantially smaller than that acting on the line b-b located outside the 
pile group. As a result, the resulting bending moment around the Y-Y axis (MY-Y) is 
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practically zero due to balanced stress on the left and right hand side of the pile, while 
the bending moment around the X-X direction (MX-X) is quite substantial with a 
maximum magnitude of about 200 kNm due to the unbalanced stress on the inner and 
outer faces of the pile shaft, as shown in Fig. 6.32(b). Similarly, it can be seen from 
Fig. 6.31(c) that the reduction of effective stress within the pile group caused much 
smaller effective normal pressures acting on the vertical lines a-a and d-d located at 
the inner faces of the pile group (see Fig. 6.30) as compared to the stress acting on the 
lines b-b and c-c located at the outer faces of the pile group. As a result, the 
unbalanced stress along both the X-X and Y-Y direction causes substantial bending 
moment of about 160 kNm to develop on the pile in both directions, see Fig. 6.32(c). 
It is noted that the bending moment around the X-X axis, MX-X, for the corner pile is 
relatively smaller than that for the side pile (compare Figs. 6.32(b) with 6.32(c)). This 
can be explained by the relative magnitude of the unbalanced stress in the two cases. 
While the normal stress on line b-b of the side pile is very close to that on line b-b of 
the corner pile, the stress on line d-d of the side pile is smaller than that on line d-d of 
the corner pile (see Fig. 6.31). This is because the line d-d at the inner face of the side 
pile is more shielded by other piles as compared to the corresponding line d-d of the 
corner pile, as shown in Fig. 6.30. As such, the unbalanced stress acting along the Y-
Y direction for the side pile is larger than that acting along the Y-Y direction of the 
corner pile. This explains the relatively larger bending moment around the X-X axis 
of the side pile than that of the corner pile.  
The above probing of effective stress regime within a pile group effectively 
explores the reduction in effective stress within a pile group which fundamentally 
reveals the mechanism of NSF pile group effect. The different degrees of reduction in 
effective stress along the corner piles, side piles and inner piles help to explain the 
Chapter 6 – Numerical analysis of NSF using FEM 
 266
different group factors among piles at different locations in a pile group as observed 
in the model tests. The unfavourable extra bending moment developed on the side 
piles and corner piles is the direct product of the unbalanced stress on different faces 
of a pile shaft caused by the reduction of effective stress within a pile group. Such 
extra bending moment may pose very unfavourable concerns for piles designed purely 
for axial loads with very nominal steel reinforcement. 
6.4.4 Boundary Effect on Pile Group with NSF 
It has been presented in Section 5.1 that it is reasonable to assume a maximum 
shear stress at the pile-soil interface and the shear stress in the vicinity of the pile shaft 
decreases inverse-proportionally to the increasing distance from the pile shaft 
(Randolph and Wroth, 1978). There exists a radius, rm, at which the shear stress 
becomes negligible, and the boundary walls of model container should ideally be 
located at such distance from the model piles to minimize the boundary effects. It has 
been mentioned in Section 5.1 that the formula proposed by Randolph and Wroth 
(1978) may be more suitable for the case of piles subjected to axial loads. For the case 
of piles subject to NSF, the empirical formulas proposed by Lim (1994) are deemed to 
be more appropriate. It is noted that the calculated rm using Eq. (5.5) to Eq. (5.8) 
proposed by Lim (1994) which are specifically developed for piles subjected to NSF 
is generally much larger than that using Eq. (5.1) proposed by Randolph and Wroth 
(1978). The validity of the equations as well as the sufficiency of the present model 
configuration will be further examined with the aid of 3D FEM analysis. 
To provide a benchmark for comparison, a 3D FEM analysis of 16-pile group was 
conducted with a wide plan area of 68 m by 68 m, doubling the dimension of the 
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model container. The 3D FEM mesh is shown in Fig. 6.33(a). With such large 
dimensions, the boundary is located at about 28.2 m from the centre of the perimeter 
piles and is deemed to be sufficiently far enough to eliminate any boundary effects. 
Fig. 6.34 shows the shear stress variation with distance from the centre of the 
perimeter piles at some arbitrarily selected elevations in the clay. As expected, the 
shear stress in the soil demonstrates a maximum magnitude adjacent to the pile shaft 
and reduces quickly with increasing distance away from the piles. At a distance of 
about 20 m from the centre of the perimeter piles, the shear stress in the clay is 
essentially nil. At the distance of 10.1 m based on Lim’s empirical formulation (see 
Section 5.1), or at the distance of 11.2 m of the container boundary, the shear stress is 
shown to be very small as well, having only about 5~8% of the maximum shear stress 
at the pile shaft. On the other hand, at the distance of 4.8 m based on Randolph’s 
formulae (see Section 5.1), the residual shear stress is still quite substantial, having 
about 25~35% of the maximum shear stress at the pile shaft. Thus, setting a rigid 
boundary at such distance may disrupt the original stress regime and cause erroneous 
boundary effects. Another two additional 3D FEM analyses were conducted with the 
boundary set at 10.1m and 4.8 m away from the centre of the perimeter piles. The 3D 
FEM mesh of these two analyses are shown in Fig. 6.33(b) and (c), with a plan view 
dimension of 31.7 × 31.7 m and 21.1 × 21.1 m, respectively. The calculated dragload 
for a corner pile, a side pile and an inner pile of the 16-pile groups at the end of water 
drawdown stage and surcharge stage from the above three FEM analyses are plotted 
in Fig. 6.35. It can be seen that for the cases with the boundary set at 10.1 m (based on 
Lim’s empirical formula, 1994), 11.2 m (actual model test dimension) and 28.2 m 
(deliberately wide boundary as shown in Fig. 6.33) from the centre of the perimeter 
piles, the calculated dragload on the piles is essentially identical. On the other hand, 
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when the boundary is set at 4.8 m (based on Randolph and Wroth’s formula, 1978) 
from the centre of the perimeter piles, the calculated dragload on the piles is 
discernibly lower than those with wider boundaries. It is thus demonstrated that for 
the determination of sufficient boundary distance in the case of piles subject to NSF, 
the formulae proposed by Lim et al. (1994) is the most appropriate. However, it can 
also be seen that even by essentially halving the distance from the boundary to the 
piles calculated by Lim’s formulae (namely from 10.1 m to 4.8 m), the dragload due 
to the effect of the shortened boundary is only marginally reduced by about 3~5%, 
indicating that for the case of piles subjected to NSF which acts along the vertical 
contact surface of the pile shaft, the boundary effects appears not particularly 
sensitive. 
6.4.5 Moderation Effect of Pile Cap on Pile Groups with NSF 
As mentioned earlier, both model tests and numerical simulations of pile groups 
subjected to NSF reveal the development of tension and compression forces at the pile 
head of the corner piles and inner piles, respectively. Such development of forces at 
the pile heads is due to the non-uniform distribution of NSF on individual piles in the 
pile group, with the rigid pile cap enforcing a uniform pile group settlement. Although 
the corner piles are subjected to a larger NSF and should settle more, the pile cap 
prevents the additional settlement and thus induces tension forces on the corner pile 
heads. On the other hand, the inner piles are subjected to a smaller NSF and should 
settle less, but are forced by the rigid pile cap to settle the same as all other piles in the 
group, thus inducing compression forces at the inner pile heads. Such forces 
developed at the pile heads will superimpose on the developed dragload on the piles. 
As presented in Chapter 5, the rigid pile cap moderates the distribution of dragload on 
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individual piles in a pile group. To further explore the pile cap moderation effects, 
another 3D FEM analysis was conducted on the 16-pile group but with its pile cap 
removed. The dragload profiles of the individual piles within the capped and 
uncapped pile groups at the end of water drawdown stage are plotted in Fig. 6.36(a). 
As expected, nil force is observed at the pile heads in the uncapped pile group, while 
the induced tension force at the corner pile heads in the capped pile group causes the 
dragload profile to offset laterally to the negative side, reducing the maximum 
dragload developed at NP. On the other hand, the induced compression force at the 
inner pile heads in the capped pile group causes the dragload profile to offset laterally 
to the positive side, increasing the maximum dragload developed at NP. As such, the 
rigid pile cap essentially reduces the dragload on the corner piles which are 
experiencing the maximum dragload in the pile group, and increases the dragload of 
the inner piles which are experiencing the minimum dragload in the pile group. The 
pile cap effect is noted to be minor for the side piles which are experiencing an 
intermediate dragload. As such, comparison of numerical results on capped and 
uncapped pile groups further demonstrates the moderation effect of the pile cap 
making the distribution of dragload on the corner piles, inner piles and side piles more 
uniform than those of a pile group without cap. Comparing to the dragload profile on 
the corresponding single pile plotted together in the same figure, the NSF group 
reduction factor (GRF) is 49%, 34% and 23% for the corner piles, side piles and inner 
piles in the uncapped pile group, while it is 42%, 36% and 30% for the respective 
piles in the capped pile group. The difference between the maximum GRF for the 
corner pile and the minimum GRF for the inner pile is 26% for the uncapped pile 
group, while such difference has been moderated by the rigid pile cap to be only 12% 
for the capped pile group. However, the average NSF ground reduction factor for the 
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whole pile group is found to be essentially the same with an average value of about 
36% for both uncapped and capped pile groups.  
It is noted that in the subsequent surcharge stage, the dragload profiles on piles in 
the uncapped and capped pile groups are very close to each other, as shown in Fig. 
6.36(b). The numerical results confirm the test observation that as the surcharge sand 
settles with the underlying soft clay and induces compression load on the pile head at 
the elevation of original ground surface, the tension force on the corner piles is 
cancelled out in the capped pile group and the moderating effect of the rigid pile cap 
diminishes accordingly.  
The analysis of NSF on uncapped pile group is subsequently extended to 3-pile, 5-
pile, 9-pile and 16-pile groups and the results are summarized in Fig. 6.37, together 
with those of capped pile groups. Consistent with the behavior of the 16-pile groups 
as elaborated above, in all the cases, the moderating effect of the rigid pile cap at the 
water drawdown stage reduce the NSF group reduction factor of the inner piles and 
increase that of the corner piles, thus substantially reducing the difference of the GRF 
among the piles at different positions in a capped pile group. Again, at the surcharge 
stage, the moderating effect of the pile cap has been cancelled out accordingly and 
NSF group reduction factors of the capped pile groups and the uncapped pile groups 
is observed to be very close to each other as shown in Fig. 6.37(b). 
6.4.6 Generalization of NSF Group Reduction Factor 
The NSF group effect has long been recognized and geotechnical engineers have 
been trying to utilize such group effect to optimize design of pile groups subjected to 
NSF. However, the appropriate NSF group reduction factor to be adopted pertaining 
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to specific site conditions becomes a guessing game as no definitive guidelines are 
available in most codes of practice which typically advise qualitatively that 
“appropriate” NSF group factor can be applied. Such unsatisfactory guidelines stem 
from the dearth of good measured data of NSF group factors due to the great 
difficulties in conducting fielding tests on pile groups. The present centrifuge test data, 
coupled with the well-calibrated 3D FEM analysis, can be used to enhance the 
knowledge of NSF group reduction factors under variable pile and soil conditions.  
To pursue along this direction, extensive parametric 3D FEM analyses were 
conducted on end-bearing 3-pile, 5-pile, 9-pile, 16-pile and 25-pile groups with the 
same wide range of variations of the parameters K, L/d, and surcharge as used in 
Section 6.2.6. Typical results of pile groups with pile length L = 48 m and diameter d 
= 1 m, resulting in a L/d ratio of 48 are plotted in Fig. 6.38 for illustration. For clarity, 
only K = 5,000 and results from 3-pile, 5-pile and 16-pile groups subject to surcharge 
of 10 kPa and 70 kPa are shown in the figure. It can be seen that despite great 
discrepancy of pile and soil conditions from those of centrifuge model tests, all the 
salient characteristics of pile group behavior due to NSF can be reproduced 
consistently. As an example, at each surcharge, the dragload reduces as the number of 
piles in a group increases, and within each pile group, the calculated dragload reduces 
consistently from corner piles to side piles and inner piles for both surcharges of 10 
kPa and 70 kPa as evidently shown in Fig. 6.38. 
The average NSF group reduction factor, defined by Eq. (5-12) reflects the 
average magnitude of NSF on piles in group relative to that of the corresponding 
single pile. Varying the pile and soil conditions affects the NSF on the single pile and 
the pile groups concurrently, in either a comparable or substantially different degree. 
In the course of analyses, it is found that varying the pile-soil stiffness ratio, K, within 
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the specified range defined in Eq. (6.28) does not cause substantial change of the 
average NSF group reduction factor. That is to say, increasing the K value tends to 
increase the NSF on both the single pile and pile groups in a comparable degree, 
resulting in a more or less constant average NSF group reduction factor. This can be 
well illustrated in Fig. 6.39. For clarity, only results of three K values and 4 pile 
groups are plotted in the figure for a stocky pile (L/d = 12) and a slender pile (L/d = 
48). It can be seen that for each pile group, despite the very wide variation of K from 
1,000 to 40,000, the curves of the average NSF group reduction factors against the 
surcharge intensity cluster around very narrow ranges. As such, the parameter K is 
deemed to exert minor effects on the average NSF group reduction factors and can be 
readily obviated from the picture. On the other hand, the average NSF group 
reduction factor is found to be influenced substantially by the variation of pile length 
ratio, intensity of surcharge, as well as number of piles in a group, as 
comprehensively presented in Fig. 6.40. It can be seen from Fig. 6.40(a) to (d) that as 
the piles get slender, the average NSF pile group reduction factor tends to increase 
accordingly, but appears to taper off after the slenderness ratio is more than 28. On 
the other hand, for a fixed slenderness ratio, the average NSF group reduction factor 
tends to increase consistently with number of piles in a group, but decrease with the 
increase of surcharge intensity. The relative pile-soil rigidity does not play any role in 
the picture as explained earlier. Evidently, Fig. 6.24 provides an expedient check of 
appropriate average NSF group reduction factors to be adopted in a practical design of 
pile groups subjected to NSF with site specific pile-soil conditions.  
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6.5   NUMERICAL SIMULATION OF NSF ON SOCKETED PILE GROUPS 
The numerical simulation of NSF on socketed pile groups is a straightforward 
extension of that on the end-bearing pile groups presented in the preceding sections. 
The 3D FEM mesh of a socketed pile group resembles that of the corresponding end-
bearing pile group, except that the end-bearing block is removed and the group piles 
are extended half a pile diameter into the underlying sand. The calculated and 
measured dragload along a corner pile, a side pile and an inner pile of the socketed 
16-pile group at the end of water drawdown and surcharge stages from the 3D FEM 
analysis are plotted in Fig. 6.41 as an illustration. It can be seen that at the water 
drawdown stage (Fig. 6.41(a)), the analysis competently captures the tension at the 
corner pile head and compression at the inner pile head, which cause the offset of the 
dragload profiles with the maximum dragload at the NP very close to each other for 
the two piles. It appears that the calculated NP elevation at the drawdown stage is 
discernibly lower than the measured elevation. Since the position of NP is the 
elevation where the settlement of the pile equals the settlement of the soil, such 
discrepancy may be due to the assumed soil stiffness in the analysis which may not be 
an exact replication of that of the actual soil condition, thus resulting in a slightly 
different pile and soil settlement profiles from those of the actual situation. However, 
the calculated elevation of NP at the surcharge stage matches the measured elevation 
reasonably well at around 90% of the pile length within the upper settling soils, as 
shown in Fig. 4.41(b). By and large, the calculated dragload profiles replicate the 
trends as well as the magnitudes of the measured data favorably. 
The numerical simulations of the other socketed pile groups with 3, 5 and 9 piles 
were also conducted and all the simulation results are summarized in Table 6.7 and 
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plotted in Fig. 6.42, together with those of the test data for comparison. It can be seen 
that for all cases, the 3D FEM analysis is capable of capturing the general trend of 
decreasing NSF, and thus increasing of group reduction factors, with increasing 
number of piles within the socketed pile groups with reasonable accuracy. The 
calculated dragload on the piles in a group is generally within ±8% against the test 
data, except it is 14% for the inner pile of the 9-pile group (see Table 6.7 and Fig. 
6.42). 
 The NSF group reduction factors presented in Fig. 6.42 are only applicable for 
socketed pile groups with the specific pile and soil conditions. Besides factors like 
pile slenderness ratio, pile-soil stiffness ratio and surcharge intensity which would 
affect the NSF group reduction factor, other factors like the socket length and stiffness 
of underlying competent soil also play an important roles in influencing socketed pile 
group behavior. As such, the permutation of so many factors is too numerous to make 
a concise generalization of variation of NSF group reduction factors for socketed pile 
groups. However, as manifested by the test data in Section 5.3, the average NSF 
group reduction factors for the socketed pile groups with half pile diameter socket 
length are on average only about 5% smaller than those of the corresponding end-
bearing pile groups. As the socket length increases, which is very likely in practical 
situations, the behaviors of socket piles is expected to become more similar to those 
of end-bearing piles. Thus, the average NSF group reduction factor generalized in Fig. 
6.40 may be used as an approximate average NSF group reduction factor for socketed 
pile groups. 
The calculated pile group settlements due to dragloads on socketed pile groups 
during the water drawdown and surcharge stages are plotted in Fig. 6.43. It can be 
seen  that  consistent  with  the  observed  reducing  dragload  with the increase of pile 
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number in a pile group, the downdrag settlement of a pile group decreases 
consistently with the increase of pile number in a pile group. The reduction of pile 
group downdrag settlement tends to taper off after the number of piles exceeds nine, 
which is consistent with centrifuge test observation that the reduction of dragload 
tapers off when the pile number exceeds nine. If a socketed single pile subjected to 
NSF is designed with allowable downdrag settlement based on Fig. 6.21, the 
downdrag settlement of a socketed pile group is expected to be even less due to the 
beneficial pile group effects. It should be noted that, as mentioned earlier, due to 
inconsistent readings of the local potentiometers mounted on top of the pile caps 
during the pile group model tests, comparison with measured socketed pile group 
downdrag settlement can not be made. 
6.6   CONCLUDING REMARKS 
Numerical analyses, using geotechnical 2D and 3D FEM software package Plaxis, 
have been conducted to complement the centrifuge model tests for a further in-depth 
understanding of the mechanisms of NSF on single piles and pile groups. The FEM 
numerical tool was well calibrated against the centrifuge model test data, and 
subsequently utilized to conduct further parametric studies. 
The first part of the FEM analysis focuses on single end-bearing piles. It is 
established that the incorporation of pile-soil interface element with properly defined 
properties pertaining to the constitutive model adopted for the adjacent soil is crucial 
for the correct numerical simulation of NSF on piles. Both consolidation and drained 
analysis, using either Modified Cam Clay or Mohr-Coulomb model for the soft clay, 
can capture the final dragload along the piles with good accuracy. 
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The partial mobilization of NSF along the pile shaft around NP can be clearly 
visualized by the observation of yielding zones along the pile-soil interface elements. 
A design chart is proposed for an expedient evaluation of the degree of mobilization 
of NSF against the conventionally used β-method which in certain circumstances can 
grossly over-estimate the dragload on piles. The consideration of such degree of 
mobilization will contribute to a more realistic evaluation of NSF on piles and thus a 
more economical design of piles subjected to NSF. 
Although some design codes postulate that transient live loads need not be 
considered when evaluating the maximum load at NP, in support of the present 
centrifuge test finding, parametric studies further demonstrate that the percentage of 
transient live loads transferred to NP increases with increasing pile-soil stiffness ratio 
and decreasing pile slenderness ratio. Only with very large pile slenderness ratio and 
very low pile-soil stiffness ratio can the percentage of transient live loads transferred 
to the neutral point be neglected. The magnitude of surcharge as well as the 
magnitude of the applied live load at pile head are found to exert insubstantial 
influence on the percentage of live loads transferred to the NP. A design chart is 
devised to facilitate an expedient evaluation of the percentage of live loads which will 
be transferred to the NP contributing to the maximum load on piles under various pile 
and soil conditions. 
The numerical simulation of NSF on single socketed piles competently captures 
the position of neutral point and dragload. It is found that the over-estimation of 
dragload by β method for socketed piles is marginally higher than that for end-bearing 
piles. Unfortunately, the permutation of many influencing factors is too numerous to 
make a concise generalization of the degree of mobilization to be used for socketed 
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piles. However, it has been shown that the degree of mobilization is higher for end-
bearing piles than socketed piles with socket length of half a pile diameter. As the 
socket length increases, which is very likely in practical situations, the behavior of 
socket piles is expected to approach that of end-bearing piles. As such, the devised 
chart of the degree of mobilization for end-bearing piles as presented in Fig. 6.8 may 
be used as an upper bound for socketed piles on a conservative basis. Likewise, since 
the transfer of transient live loads to the NP is more for the end-bearing piles than that 
for the socketed piles, the generalized transient live load transfer curves presented in 
Fig. 6.11 may also be conservatively utilized as an upper bound when evaluating the 
maximum load at NP of socketed piles subjected to simultaneous NSF and applied 
loads.  
Numerical analysis reveals that the effect of socket length on pile settlement can 
be normalized by the adoption of Geotechnical FOS considering dragload. A rational 
approach for selecting the geotechnical FOS is devised such that a proper 
geotechnical FOS can be judiciously selected based on the stiffness of underlying 
competent soil and the allowable settlement of socketed piles. 
Back-analysis of all the centrifuge pile group tests demonstrates that the present 
3D FEM analysis is competent in capturing the increasing pile-soil-pile interaction as 
the number of piles in a group increases, leading to the decrease of NSF, or increase 
of NSF group reduction factor. 3D FEM analysis provides a powerful supplement to 
the model tests by probing into the reduced effective stress regime of soil within a pile 
group, which reveals the fundamental mechanism of NSF group effects. The 
numerical analysis also reveals that the unbalanced stress inside and outside a pile 
group leads to an interesting observation that quite substantial additional bending 
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moments develop along the corner and side piles. Such extra bending moment may 
pose very unfavourable concerns for the scenario when the piles have been designed 
purely for axial loads with very nominal steel reinforcement. 
By comparing NSF on piles in capped and uncapped pile groups, a rigid pile cap 
is demonstrated to moderate the distribution of NSF among piles at different positions 
in a group by reducing the dragload on corner piles experiencing the largest dragload, 
and increasing the dragload of inner piles experiencing the smallest dragload in a 
capped pile group. However, it is found that the average NSF group reduction factor 
is essentially the same for both uncapped and capped pile groups.  
It is found that the pile-soil stiffness factor exerts minor effects on the average 
NSF group reduction factor. The variation of average NSF group reduction factor on 
pile slenderness ratio, intensity of surcharge, and number of piles in a group has been 
numerically evaluated and presented in a chart for an expedient check of average NSF 
group reduction factor to be adopted for end-bearing pile groups. Since the average 
NSF group reduction factor for a socketed pile group is observed to be only 
marginally smaller than that of the corresponding end-bearing pile group, the average 
NSF group reduction factor generalized for end-bearing pile groups may be used as an 
approximation for socketed pile groups in practical applications. 


















































































































Fig. 6.2  Comparison of theoretical coefficient of earth pressure with outputs from 
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Fig. 6.3  (a) Pore pressure regime before water drawdown; (b) Re-defined hydrostatic pore pressure regime; (c) Excess pore pressure 
immediately after water drawdown (Note: pore pressure in the base sand layer was not shown for clarity) 
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Fig. 6.4  Dragload at the end of (a) water drawdown stage; and (b) surcharge stage for 
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Fig. 6.5  Plastic yielding zones of FEM domain at the end of (a) water 



























































































































Fig. 6.6   Dragload profiles at various calculation conditions at the end of 





































































































































Fig. 6.7  Normalized dragload for (a) stocky pile; and (b) slender pile 
under various K values and surcharges 
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Fig. 6.8  Variation of NSF degree of mobilization with pile slenderness 




























(d) L/d = 90






















(c) L/d = 48
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Fig. 6.10  Percentage of live loads transferred to neutral point for (a) a 
stocky pile; and (b) a slender pile  
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Fig. 6.13  Back-analysis of dragload for socketed pile at the end of (a) water 
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Fig. 6.15   Development of pile settlement and geotechnical FOS considering 
dragload through various test stages  
0 200 400 600 800 1000 1200












































4 Dead load  
Surcharge  5 
Water drawdown  3 
STAGES 
Pile installation  1 
Reconsolidation  2 
0 200 400 600 800 1000 1200





















4 Dead load  
Surcharge  5 
Water drawdown  3 
STAGES 
Pile installation  1 
Reconsolidation  2 
2 3 4 5
1 
2 3 4 5
1 
























Fig. 6.16  Development of pile settlement versus geotechnical FOS considering 

























Fig. 6.17  Measured and FEM simulated socked pile settlement 
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Fig. 6.19   Evolvement of geotechnical FOS considering dragload for socketed pile 
with various pile socket lengths 
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Fig. 6.20  Correlation between geotechnical FOS considering dragload and socketed 

























Fig. 6.21  Generalized ccorrelation between geotechnical FOS considering dragload 
with pile settlement for socketed piles  
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Fig. 6.24  3D FEM mesh for 16-pile group, including (a) full 3D domain; (b) soil 
sub-domain; and (c) pile group sub-domain with interface elements 
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Fig. 6.26   Comparison of 3D FEM results with measured values for 16-pile group for 
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(c) Inner piles 
 
Fig. 6.27  Comparison of measured and calculated dragloads and group reduction 
factors for end-bearing pile groups 
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(a) Horizontal stress contours 
 
Fig. 6.29  Effective stress regime within 4×4 pile group 
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(b) Top view 
 
 





















































































Fig. 6.31  Effective normal pressure on the characteristic lines around pile shaft of 
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Fig. 6.32  Bending moments induced by unbalanced normal pressure on pile shafts 
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Fig. 6.33   FEM analysis of 4×4 pile group with boundary width of (a) 68.0m; (b) 
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Fig. 6.35   Dragload on individual piles within 4×4 pile group with various boundary 
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Fig. 6.36   Dragload profiles for capped and uncapped 4×4 pile group at (a) water 
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Fig. 6.37   Comparison of NSF group reduction factors for piles in capped and uncapped pile group at 
                 (a) water drawdown stage; and (b) surcharge stage 
 










































































































































Fig. 6.39   Variation of average NSF group reduction factor under some pile and 
soil conditions for (a) stocky pile groups; and (b) slender pile groups 
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(d) L/d = 90
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Fig. 6.41 Comparison of calculated and measured dragload profiles for the 4×4 
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(c) Inner piles 
 
Fig. 6.42   Comparison of measured and calculated dragloads and group factors for 
socketed pile groups 
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7.1   CONCLUSIONS 
In the present study, centrifuge model tests have been conducted to investigate the 
mechanism of NSF on single end-bearing, floating and socketed piles, denoting the 
three most common pile load bearing situations in the field. An elaborate scheme has 
been developed to seamlessly incorporate 7 sequential stages into each model test to 
induce NSF on a single pile by three typical causes, namely re-consolidation of 
remolded clay after pile installation, ground water drawdown as well as surcharge 
loading. Permanent dead load and transient live loads are applied to the single piles at 
strategic stages to subject the single piles to the combined effects of NSF and applied 
loads. As the entire test process can be conducted without stopping the centrifuge, the 
pile behavior can be scrutinized in a comprehensive and rational manner. The 
centrifuge model study was subsequently extended to pile groups comprising 3, 5, 9 
and 16 piles connected by a rigid pile cap. The model pile shafts were instrumented 
with highly sensitive semi-conductor strain gauges in full-bridge configuration so as to 
achieve high signal/noise ratio and immunity of adverse thermal effect, assuring the 
acquisition of test data of high quality. As a result, the subtle difference in the induced 
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NSF among piles in a group as well as the group effects of NSF can be qualitatively 
explored in a consistent and rigorous manner. The physical modeling study was 
supplemented by numerical analyses on single piles and pile groups subject to NSF 
using both 2D axisymmetric and 3D Finite Element Method (FEM) to further 
investigate various important issues regarding NSF on single piles and pile groups. 
The following conclusions are drawn from the centrifuge model tests on single 
piles and pile groups: 
T1) All the three centrifuge model tests on single piles consistently reveal that in-
flight installation of pile induces large excess pore pressure in the clay which 
peaks when the pile tip reaches the respective elevation and subsequently 
dissipates as the pile tip penetrates beyond the elevation, accompanied by a 
consistent ground heave of about 4~6 mm at a location of 12 m from the pile 
center. The subsequent re-consolidation of the remolded clay due to pile 
installation induces substantial NSF on the piles. The end-bearing pile 
developed a maximum downdrag load of about 610 kN at the pile toe, with a 
pile settlement of less than 2 mm. The floating pile developed a minimum 
dragload of about 360 kN with a neutral point at 75% of embedded pile length, 
but with a substantial pile settlement of about 28 mm. For the socketed pile in 
the present study, the mobilized downdrag load of about 515 kN as well as pile 
settlement of about 6 mm lie in-between those of end-bearing and floating piles. 
The neutral point for the socketed pile is at about 90% depth of settling soils.  
T2)  A ground water drawdown in the top sand fill leads to a sudden release of 
NSF due to an appreciable amount of immediate ground surface rebound of 
about 1~2 mm due to a sudden reduction of vertical soil stress, as consistently 
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revealed by the 3 single pile tests. However, NSF is re-established with the 
increase in vertical effective stress in the long run with consolidation after water 
drawdown. 
T3) All the 3 single pile tests consistently reveal about 50 mm of immediate soil 
settlement caused by the quick application of 40 kPa surcharge. This mobilizes 
very large NSF on the end-bearing and socketed piles under undrained condition. 
However, for the floating pile, NSF is mobilized only along a limited top 
portion of the pile shaft upon surcharge due to simultaneous large pile 
settlement of about 36 mm, as compared to only about 1 mm and 6 mm of 
incremental pile settlement for the end-bearing and socketed piles, respectively. 
Subsequent consolidation of the clay under surcharge will increase the shear 
strength of the clay, which in turn increase the dragload on all the single piles.  
T4) The application of a total of 10 cycles of transient live loads applied to the pile 
heads in the 3 tests clearly reveal that a large percentage of the applied transient 
live load is transferred to the neutral point, although with a varied magnitude of 
83%, 58% and 39% for the end-bearing pile, socketed pile and floating pile, 
respectively, regardless of the magnitude of applied load. This clearly illustrates 
that the postulation of “NSF and live loads do not combine” at neutral point as 
observed in a limited number of field tests and adopted in some foundation 
codes is over-generalized and only applicable to long and slender piles installed 
through very deep deposit of soft clay whereby the pile-soil flexibility factor is 
larger than 8. Otherwise, a certain percentage of the applied load will be 
transferred to the NP adding to the maximum axial load on the pile which must 
be taken into account in the pile design. 
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T5) The effective stress method with a β value of 0.24 consistently provides a 
reasonably good fit to measured dragload on the single piles at various stages of 
all the 3 tests. On the other hand, inconsistent α value will be derived if the 
original in-situ undrained shear strength is used in the total stress method. 
However, the test data clearly reveal that either the α or β method only matches 
the dragload profile along the upper pile shaft and deviate substantially when 
approaching the neutral point, leading to an over-estimation of dragload on piles. 
Thus, an appropriate evaluation of the degree of mobilization, defined as the 
ratio of actual maximum dragload at neutral point over that calculated by either 
α or β method, can lead to a more economical pile design. 
T6) Comparison of dragload and NSF group reduction factor among pile groups 
reveals a clear trend of decreasing dragload with increasing pile group size. 
However, such reduction of dragload, and accordingly the increase of NSF 
group reduction factor, tends to taper off when the pile number within a pile 
group exceeds 9. 
T7) Tests on the end-bearing pile groups reveal an increase of, on average, about 
6% of NSF group reduction factor going from corner piles to side piles, and 
from side piles to inner piles. Such discrepancy of dragloads on piles bears its 
implication of developing tension at the pile head for the corner pile, but 
compression at the pile head for the inner pile due to enforcement of uniform 
pile group settlement imposed by the rigid pile cap. Such tension load at the pile 
head of corner pile offsets the load transfer profile curve to the negative side, 
while the compression at the pile head of inner pile offsets the load transfer 
profile curve to the positive side. The final effect is that the rigid pile cap 
moderates the distribution of dragload among the piles in the capped pile group. 
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T8) The NP for socketed pile groups was observed to persists at about 90% of the 
pile length within the settling soils, the same as that for the socketed single pile. 
Also, test data revealed a general increment of, on average, about 4% of group 
reduction factor going from corner piles to side piles, and from side piles to 
inner piles. Similar to the end-bearing pile groups, the NSF group reduction 
factors have a clear trend of decreasing with the increasing number of piles in a 
pile group. Again, it can be noted that the reduction of dragload, and 
accordingly the increase of NSF group reduction factor, tends to taper off when 
the pile number in a pile group exceeds nine. By and large, the average NSF 
group reduction factor for the socketed pile groups is on average about 5% 
smaller than those of the corresponding end-bearing pile groups. 
T9) The test data of NSF on end-bearing and socketed pile groups serves as a good 
test of various empirical and analytical methods available in practice in 
evaluating dragload on pile groups. Comparison of the calculated and measured 
data reveals gross over-estimation of dragloads by 41%~304% by the empirical 
methods. On the other hand, Shibata’s analytical solutions based on reduction in 
vertical effective stress of soil within a pile group compare better with the test 
data having an overall accuracy range of -8%~76%. 
The following conclusions are drawn from the FEM numerical analysis on both 
single piles and pile groups: 
N1) FEM back-analyses of the model tests establish that the incorporation of pile-
soil interface element with properly defined properties pertaining to the 
constitutive model adopted for the soil is crucial for the correct numerical 
simulation of NSF on single piles. The friction angle of the interface elements at 
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the pile-soil interface for the cases when Mohr-coulomb and Modified Cam 
Clay model are used for the clay have been derived and proved to be effective 
for numerical capturing of NSF on piles. 
N2) The partial mobilization of NSF along the pile shaft around the neutral point 
can be clearly visualized by the observation of numerical yielding zones along 
the pile-soil interface elements. The degree of mobilization was found to 
increase with increasing pile-soil stiffness ratio and intensity of surcharge, but 
decrease with increasing pile slenderness ratio. A design chart is proposed for an 
expedient evaluation of the degree of mobilization of NSF against the 
conventionally used β-method under various pile-soil conditions, contributing to 
a more realistic evaluation of dragload on piles and thus a more economical 
design of piles subject to NSF. As the degree of mobilization is marginally 
higher for end-bearing piles than socketed piles, the devised chart of the degree 
of mobilization for end-bearing piles is suggested to be used as an upper bound 
for socketed piles on a conservative basis. 
N3) Some design codes postulate that transient live loads need not be considered 
when evaluating the maximum load at NP. However, the present study 
demonstrates that the percentage of transient live loads transferred to NP 
increases with increasing pile-soil stiffness ratio and decreasing pile slenderness 
ratio. Only with very large pile slenderness ratio and very low pile-soil stiffness 
ratio can the percentage of transient live loads transferred to the neutral point be 
neglected. A design chart is devised to facilitate an expedient evaluation of the 
percentage of live loads which will be transferred to the NP contributing to the 
maximum load on piles under various pile and soil conditions. Since the transfer 
of transient live loads to the neutral point is smaller for socketed piles, the 
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devised chart of the transient live load transfer curves for the end-bearing piles 
can also be adopted as an upper bound for socketed piles on a conservative basis 
for practical applications. 
N4) Numerical analysis reveals that the effect of socket length on pile settlement 
can be normalized by the adoption of Geotechnical FOS considering dragload. 
A rational approach for selecting the geotechnical FOS is devised such that a 
proper geotechnical FOS can be judiciously selected based on the stiffness of 
underlying competent soil and the allowable settlement of socketed piles. 
N5) Back-analysis of all the centrifuge pile group tests demonstrates that the 
present 3D FEM analysis is competent in capturing the increasing pile-soil-pile 
interaction as the number of piles in a group increases, leading to the decrease of 
NSF, or increase of NSF group reduction factor. The largest dragload on the 
corner piles and the least dragload on the inner piles can be well-replicated and 
the tension force at the corner pile head and compression force at the inner pile 
head in a capped pile group can be effectively captured by the 3D FEM analysis. 
N6) 3D FEM analysis provides a powerful supplement to the model tests by 
probing into the reduced effective stress regime of soil within a pile group, 
which reveals the fundamental mechanism of NSF group effects. The numerical 
analysis also reveals that the unbalanced stress inside and outside a pile group 
leads to an interesting observation that substantial additional bending moments 
develop along the corner and side piles. Such extra bending moment may pose 
very unfavorable concerns for the scenario when the piles have been designed 
purely for axial loads with very nominal steel reinforcement. 
N7) By comparing NSF on piles in capped and uncapped pile groups, a rigid pile 
cap is demonstrated to moderate the distribution of NSF among piles at different 
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positions in the group by reducing the dragload on corner piles experiencing the 
largest dragload, and increasing the dragload of inner piles experiencing the 
smallest dragload in a capped pile group. However, it is found that the average 
NSF group reduction factor is essentially the same for both uncapped and 
capped pile groups.  
N8) The average NSF group reduction factor is found to increase with number of 
piles in group and pile slenderness ratio, but reduce with intensity of surcharge. 
The pile-soil stiffness ratio is found to exert minor influence on the average NSF 
group reduction factor. A design chart has been devised to facilitate an 
expedient check of average NSF group reduction factor to be adopted for end-
bearing pile groups under various pile-soil conditions. Since the average NSF 
group reduction factor for a socketed pile group is observed to be only 
marginally smaller than that of the corresponding end-bearing pile group, the 
average NSF group reduction factor generalized for end-bearing pile groups 
may be used as an approximation for socketed pile groups in practical 
applications. 
7.2   RECOMMENDATIONS FOR FUTURE STUDIES 
Owing to headroom limitation of the NUS centrifuge, the present centrifuge model 
tests focus on stocky piles with low pile slenderness ratio, L/d, of 12.5. The extension 
of the findings from these model tests to more general pile-soil conditions were 
supplemented by axisymmetric and 3D FEM analyses. In view of the above, the 
following topics are recommended for future studies: 
(1) More centrifuge model tests can be performed on piles with higher slenderness 
ratio. These tests need to be conducted on centrifuges with larger test platform 
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and headroom. The present FEM numerical study has established that the pile 
slenderness ratio affects many fundamental aspects of NSF on piles, including 
the degree of mobilization of NSF, the live load transfer to the neutral point 
and NSF pile group reduction factors, etc. A confirmation of such numerical 
inferences using test data of good quality is appealing. 
(2) Besides the normally consolidated kaolin clay used in the present study, other 
type of soft soils, like Singapore marine clay with much lower strength and 
permeability, silty clay with various percentage of silt, over-consolidated clay 
with various OCR, should be tested to study the effects of soil types on NSF. 
(3) For the present model tests, the pile groups were jacked into the model ground 
in a group which actually deviates from the practical scenario. If possible, 
proper simulation of pile group installation in-flight by jacking in piles one by 
one in various sequences can reveal its impacts on the generated excess pore 
pressure and ground heave and the subsequent induction of NSF on piles and 
its influence on the pile behavior at subsequent stages. 
(4) Owing to large permutations of influencing factors, numerical study of NSF on 
socketed single piles are not as thorough as that on end-bearing single piles in 
the present study. It is believed that as the pile socket length and stiffness of the 
competent soil increase, the behavior of socketed piles is expected to approach 
that of the end-bearing piles. As such, the various design charts devised for the 
end-bearing piles can be approximately used for the socketed piles 
conservatively for practical applications. However, a more elaborate study in 
the future dedicated to socketed piles adopting many influencing factors is 
useful for an accurate evaluation of socketed piles behavior subjected to NSF. 
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GRAPHICAL PLOTS OF DEVELOPMENT OF DOWNDRAG 
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Fig. A1  Development of downdrag loads with time at various elevations along pile 
shaft for the corner pile in end-bearing 3-pile group test (Test GE-3) 
Fig. A2  Development of downdrag loads with time at various elevations along pile 




























Fig. A3  Development of downdrag loads with time at various elevations along pile 
shaft for the corner pile in end-bearing 5-pile group test (Test GE-5) 
Fig. A4  Development of downdrag loads with time at various elevations along pile 
shaft for the inner pile in end-bearing 5-pile group test (Test GE-5) 
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Fig. A5  Development of downdrag loads with time at various elevations along pile 
shaft for the corner pile in end-bearing 9-pile group test (Test GE-9) 
Fig. A6  Development of downdrag loads with time at various elevations along pile 
shaft for the side pile in end-bearing 9-pile group test (Test GE-9) 
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Fig. A7  Development of downdrag loads with time at various elevations along pile 
shaft for the inner pile in end-bearing 9-pile group test (Test GE-9) 
Fig. A8  Development of downdrag loads with time at various elevations along pile 
shaft for the corner pile in end-bearing 16-pile group test (Test GE-16) 
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Fig. A9  Development of downdrag loads with time at various elevations along pile 
shaft for the side pile in end-bearing 16-pile group test (Test GE-16) 
Fig. A10  Development of downdrag loads with time at various elevations along pile 
shaft for the inner pile in end-bearing 16-pile group test (Test GE-16) 
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Fig. A11  Development of downdrag loads with time at various elevations along 
pile shaft for the corner pile in socketed 3-pile group test (Test SE-3) 
Fig. A12  Development of downdrag loads with time at various elevations along 
pile shaft for the inner pile in socketed 3-pile group test (Test SE-3) 
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Fig. A13  Development of downdrag loads with time at various elevations along 
pile shaft for the corner pile in socketed 5-pile group test (Test SE-5) 
Fig. A14  Development of downdrag loads with time at various elevations along 
pile shaft for the inner pile in socketed 5-pile group test (Test SE-5) 
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Fig. A15  Development of downdrag loads with time at various elevations along 
pile shaft for the corner pile in socketed 9-pile group test (Test SE-9) 
Fig. A16  Development of downdrag loads with time at various elevations along 
pile shaft for the side pile in socketed 9-pile group test (Test SE-9) 
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Fig. A17  Development of downdrag loads with time at various elevations along 
pile shaft for the inner pile in socketed 9-pile group test (Test SE-9) 
Fig. A18  Development of downdrag loads with time at various elevations along 
pile shaft for the corner pile in socketed 16-pile group test (Test SE-16) 
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Fig. A19  Development of downdrag loads with time at various elevations along 
pile shaft for the side pile in socketed 16-pile group test (Test SE-16) 
Fig. A20  Development of downdrag loads with time at various elevations along 
pile shaft for the inner pile in socketed 16-pile group test (Test SE-16) 
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